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Abstract

Distributed volcanic fields are common on Earth and nearby planetary bodies. Unlike their central-vent counterparts, these volcanic centers are comprised of many individual
basaltic magmatic dikes, which are often only expressed at the surface in the form of vents,
domes, and lava flows. In situ imaging of the shallow (<1 km) subsurface can reveal important details about the 3D geometry of fissure systems that feed distributed eruptive centers,
with implications for the nature of these eruptions: their mass flow rates, explosivity, durations, and volcanotectonic interaction. Luckily, dikes, sills, conduits and related near-surface
structures tend to carry high remnant magnetizations, creating magnetic anomalies at the
surface where sufficient magnetic contrast exists with the host rocks they intrude. In the San
Rafael Sub-volcanic field (SRSVF), basaltic dikes intrude fractured and horizontally bedded
Jurassic sandstones, now eroded to a depth of about 800 m beneath the paleo-surface. Detailed mapping and profiles with a Cs-vapor magnetometer reveal far more complex anomalies
than can be attributed to simple planar dikes, including: sills, buds, and domes. We image
these geometries using MagCube-parallel, an open-source nonlinear inversion code we developed that models complex geometry with multiple (<= 1,000) vertical-sided prisms. I show
one normally polarized fissure system to include along strike: An ∼ 3 − 14 m thick, ∼ 50 m
wide dome-like feature or laccolith at depths of ∼ 9 − 20 m, a roughly vertical conduit ∼ 15
m thick, ∼ 36 − 50 m wide, at ∼ 1 − 16 m depth near the center of the mapped fissure-like
system, and a ∼ 8 − 48 m. wide dike at ∼ 2 − 17 m depth that is ∼< 1 − 6 m thick, with
reducing magnitude northward. While model depth and thickness vary with magnetization
contrast, the main geometric relationships do not. Magnetic mapping of a nearby fissure
viii

reveals the same types of structures. The implication of these structures is that the smallvolume fissure eruptions were likely pulsatory, with episodes of horizontal intrusion of sills,
and sufficient time to develop gravitational instabilities.
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Chapter 1
Introduction

Magma transport is a fundamental geologic process that continues to alter the Earth’s
surface and has acted similarly on other stellar bodies in the past, like the Moon and Mars
(L. Wilson et al., 1981; Zimbelman et al., 2015). Magmatic intrusions can take on a variety
of geometries at multiple scales. Ascending magma can stall and cool at depth forming
intrusions, or can continue to rise through the crust. Some intrusions, whether they have
fed eruptions at the surface or not, are complex pathways of dikes and sills, with dikes being
the primary mode of vertical transport of magma through the shallow crust to the surface.
As dikes evolve during ascent, they can reach enormous sizes, having been documented in
length from ∼ 50 – 350 km on the Earth and the Moon (Maunde et al., 2013; Richardson
et al., 2021; Lawrence et al., 2013) . In the shallow crust (< 5 km depth), dikes and sills
are generated through the brittle failure of host rock, sometimes along preexisting planes of
weakness, such as bedding surfaces and fractures. The mechanics associated with their emplacement and evolution involve a complex balance between the driving force of the magma
and changes in local and regional stress fields, influenced by intrinsic rock properties and
local structural controls. Further complicating this scenario, is the fact that these systems
change both spatially and temporally (Gonnermann & Benoit, 2015; Lawrence et al., 2013;
Gallant, 2019). The geometry of the plumbing network during magma ascent can modulate
eruption dynamics. Consequently, much study, both theoretical and applied, has been devoted to characterizing dike and sill geometry and the relationship of these features to the
rocks they intrude (Babu et al., 1986; Bhaskara & Babu, 1991; Delaney & Gartner, 1997; Diez
1

et al., 2009; Gudmundsson, 2002; Re et al., 2015; Keating et al., 2008; Kiyosugi et al., 2012;
Lefebvre et al., 2016; Lister & Kerr, 1991; Maccaferri et al., 2011; Mastin & Pollard, 1988;
Mitchell, 2005; Muirhead et al., 2016; Pioli et al., 2009; D. A. Rao et al., 1981; D. B. Rao &
Babu, 1991; Richardson et al., 2015; Rubin, 1993, 1995; Spence & Turcotte, 1985; Salem et
al., 2002, 2007; Tentler & Temperley, 2007; Valentine & Krogh, 2006; Vergniolle & Jaupart,
1986; L. Wilson et al., 1981).
These investigations of dike and sill geometry have historically focused on using eroded
volcanic centers where the features can be directly observed (Muirhead et al., 2016; Re et
al., 2015; Lefebvre et al., 2016). Results of these studies, however, only provide a composite
view of the geometry of the feeder system. This composite view is the sum of all events over
the complete eruptive history (Keating et al., 2008). Although these investigations have
provided valuable information regarding the frequency, extent, geometry and orientations of
dikes and sills, they fall short of deciphering the step-wise evolution of these systems. To
solve this problem, it is necessary to find alternative research approaches to investigate the
behavior of these features and systems as they develop.
Multiple scientific investigations have focused on how magma feeder structures develop over time, and how they might affect changes in eruption dynamics. On the physical
side, the analysis of field observations of in-situ features has provided vital information on
how dike and sill propagation occurs and where it terminates (Diez et al., 2009; Germa et al.,
2020; Gudmundsson, 2002; Lister & Kerr, 1991; Valentine & Krogh, 2006; Wetmore et al.,
2009). These types of studies have helped to validate physical mechanisms that may influence dike and sill propagation and arrest (Maccaferri et al., 2011). Alternatively, numerical
methods have focused on the regional and local stress regimes and fluid dynamics of magma
ascent to quantify the processes which control magma plumbing system evolution (Lister &
Kerr, 1991; Spence & Turcotte, 1985; Vergniolle & Jaupart, 1986; L. Wilson et al., 1981).
These numerical methods have been augmented by analog modeling of dike injection and sill
formation (Kavanagh et al., 2006; Menand, 2008). From these findings it has become well
2

Figure 1.1: Simplified schematic of T-junction locations as applicable to the San Rafael
Sub-volcanic field. Stress orientations are indicated for conduit and dike formation versus
sill formation. Adapted from (Pioli et al., 2009). Not to scale.

known that the geometry of volcanic conduits, in part, control eruption dynamics (Keating
et al., 2008) by significantly affecting the shearing geometry of magmatic flows and the distribution of horizontal and vertical velocity gradients within active dikes and sills (Pioli et
al., 2017).
Analog and numerical modeling by Pioli et al. (2009) showed for mafic eruptive styles,
”T-junctions” are associated with sill and dike formation from the central conduit (Figure
1.1). They suggest these plumbing system attributes permit the migration of volatiles, inducing the development of dike and sill propagation during intrusive events. Their simulations
suggest magma partitioning between the vertical conduit and lateral channel (Pioli et al.,
2017) is controlled primarily by the total mass eruption rate (MER) and geometry of the
junction. They elaborate that in the case of separate two-phase flow (i.e., when gas bubbles
rise within low-viscosity magmas), shearing effects determine lateral gas segregation and can
have a primary control on the flow pattern and phase distribution of the magma, which, in
turn, affects the eruption dynamics and vent location (Pioli et al., 2009). Moreover, they
3

assert the process for the development of active T-junctions is governed by 1) the effects
of mass distribution due to the relative diameter of the vertical (dike conduit) and lateral
(sill) branches, 2) changes in the mass flux and preferential draining through the horizontal
branch and vertical conduit, and 3) geometric relationships between the height of the vertical
branch and the diameter of the lateral branch (Pioli et al., 2009).
Interestingly, it is rare to observe T-junctions between dikes and sills in the field.
Erosion tends to preserve large sills as buttes. Only occasionally are dikes mapped in association with buttes. Conversely, where dikes are exposed in erosion surfaces, it is rare to see
sills associated with these dikes. This situation raises questions about the 3D nature of sill
dike interaction during eruptions. For example, are sills formed everywhere along dikes or
only at some locations along the dike at a given stratigraphic level? How does the thickness
of sills, and their ability to store and differentiate magma, vary with distance from dikes?
Since dikes are discontinuous and segmented at some stratigraphic levels and in some environments, what is the relationship between dike segments and sill formation? To address
some of these questions related to the 3D geometry of intrusions, ground magnetic surveys
and models are employed in this study to investigate the geometries of dikes and sills in the
San Rafael Sub-volcanic Field (SRSVF), Utah, USA (Figure 1.2).
The surface geology of the SRSVF has an extensive record represented by mappable
surface features, such as sills, conduits or buds, and dikes Delaney & Gartner (1995, 1997);
Diez et al. (2009); Germa et al. (2020); Kiyosugi et al. (2012); Richardson et al. (2015). Yet
this record is incomplete, especially for visualizing the 3D nature of magma plumbing systems. Even in the SRSVF, additional information about subsurface and unexposed geometry
of intrusions is needed to improve our understanding of magma plumbing systems. Magnetic data are useful for helping to deduce the geometries of unexposed intrusions because
the basalt rock from the magmatic system is highly magnetic compared to the sandstone
it intrudes. By mapping magnetic anomalies, details of the subsurface intrusion geometry
is revealed. An advantage of this geophysical mapping is that, by definition, these subsur4

Figure 1.2: Simplified geologic map of the San Rafael Sub-volcanic field, UT, emphasizing
intrusive rocks and stratigraphic groups and formations. Red square outlines the area where
the magnetic survey was performed. Adapted from (Diez et al., 2009).

5

face features are not eroded and their full geometries are preserved. In contrast, surface
mapping, by definition, always maps rocks that are at least partially eroded. A drawback
of using magnetic data to deduce subsurface features is that the data are often complex to
interpret quantitatively, and are indeterminant in the sense that more than one geometric
model might explain a given magnetic anomaly. The SRSVF offers the best of both worlds.
Here, numerous dikes and sills are both partially exposed and mapped at the surface, and
are present in the subsurface. Relating the surface features to those that can be detected
and mapped using geophysical methods makes the SRSVF an ideal natural laboratory for
performing this investigation. This study shows how 3D imaging of these buried features
can be accomplished using near-surface geophysical techniques, providing valuable insight
into otherwise unobservable subsurface features of the SRSVF.
In chapter 2 of this thesis, I introduce the geology of the SRSVF, provide a review of
previous works performed in the locality, and review literature on mechanisms for dike and sill
development. Chapter 3, covers the methodology used for processing the ground magnetic
data collected in the SRSVF. Chapter 4 is used to present various modeling methods for
intrusive bodies, to describe the forward and inversion modeling framework and present
model outcomes. In chapter 5, the results of the study are assessed and interpretations are
presented to provide a foundation for future research. Lastly, Chapter 6 reaches conclusions
of the investigation performed and summarizes recommendations for future studies.
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Chapter 2
Background

2.1

San Rafael Geology
The SRSVF is a deeply eroded distributed volcanic field located in central Utah in the

northwestern section of the essentially undeformed tectonically stable highland of the Colorado Plateau (Scott & Swadley, 1995). Although the Colorado Plateau was affected by and
responded to major plate-generated movements and stresses, it was never overwhelmed with
large-scale structural instability. The fact that this region is marked by superb exposures
of rocks and structures, and it resides as an island of structural coherence surrounded by a
sea of strain, provides special opportunities in interpreting structure and tectonics (Davis,
1999). Since this area was uplifted rather than being deformed, erosional processes expose
pristine volcanic edifices which serve as prime targets for investigating distributed volcanic
systems.

7

Figure 2.1: Regional map of the western United States showing the geographical area of
the Colorado Plateau and Basin and Range Provinces, and the Transition Zone between
them. The blue outline shows the Colorado Plateau, the red line designates the extent of
the Transition Zone, and the purple line encompasses the eastern portion of the Basin and
Range. The black star signifies the approximate location of the SRSVF.
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The Colorado Plateau (Figure 2.1) is bounded by the Basin and Range Province to
the W/SW and by the Rio Grande to the E/SE (Alibert et al., 1986). The SRSVF roughly
parallels the nearby boundary of the Colorado Plateau and the Basin and Range provinces
about 20–50 km to the west and rests between the Water Pocket Monocline and the anticline
of the San Rafael Swell. Given its position, the SRSVF is considered part of a broad band
of volcanism within the Transition Zone at the margin of the plateau (Delaney & Gartner,
1997). The SRSVF is a comparatively recent field within the Cenozoic volcanism in the
transition zone (TZ) (Fitton et al., 1988), and is at the eastern limit of basaltic volcanism
that crosses to the Colorado Plateau from the Basin and Range Province of southern Utah.
The SRSVF formed with eruptions between 3.4 ± 0.2 and 4.7 ± 0.3 Ma, based on
sparse radiometric age determinations (Delaney et al., 1986; Delaney & Gartner, 1997).
Emplacement may have occurred during a period of regional extension across the plateau of
15−20 mm/yr (Delaney & Gartner, 1995). This is inferred from a lack of fracturing around
dike formations, indicating that the region had a chance to ’relax’ the intrusion-induced
stress through extension (Delaney & Gartner, 1995).
This volcanic field is part of a more extensive occurrence of Cenozoic basaltic volcanism in the Colorado Plateau and Basin and Range provinces. Still, it is distinct from
many other fields as it has been eroded to a depth of ∼ 800 m based on its age and late
Cenozoic erosion rates (Pederson et al., 2002). Due to the uplift of the Colorado Plateau and
extensive erosion, the erupted products and surface of SRSVF have been removed, exposing
the shallow volcanic plumbing system (Diez et al., 2009).
Within the SRSVF, two types of magmatic rocks have been observed: a mafic shonkinite (∼ 47 wt percent SiO2 ) and an intermediate syenite (∼ 50 wt percent SiO2 ) (Williams,
1983; Germa et al., 2020). Shonkinite is found within dikes, sills, and conduits, whereas
syenite is primarily found within sills (Koebli, 2017). Judging from the primitive nature of
the shonkinites, and since no geophysical anomaly suggestive of a crustal magma reservoir
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has been identified, Delaney & Gartner (1997) suggest that the magmas ascended directly
from a source region in the mantle.

Figure 2.2: Simplified geologic cross-section of the San Rafael Group. In the SRSVF sill
emplacement is just above the bedding plane between the Carmel and Entrada Formations,
and in the Frying Pan Sill area, they are found in the Carmel formation above the Navajo
Sandstone.

Much of the shallow magma plumbing system of the SRSVF is now exposed in Middle
Jurassic strata of the San Rafael Group (Figure 2.2), which contains the Carmel Formation,
Entrada Sandstone, and Curtis and Summerville Formations (Gilluly, 1929; Smith et al.,
1963) through the Cutler Formation. Delaney & Gartner (1997) characterized the host rocks
as mostly nearshore clastic marine deposits, which are dominantly fine-grained sandstones
and siltstones that are often cemented with interstitial calcite.

2.2

Previous Work
Several works have been produced in efforts to decipher the evolution of the dis-

tributed basaltic volcanism in the San Rafael Swell. These studies cover a breadth of
perspectives, each attempting to reconcile the driving factors that produced the volcanic
features seen in the area. Efforts were made to describe the orientations and numbers of
the dikes and relate them to the regional geology by Delaney & Gartner (1997). Kiyosugi et
al. (2012) assessed the spatial relationships between the conduits and dikes and sills in the
region. Endeavors by Diez et al. (2009) focused on assessing the connectivity of the bodies
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and how they impacted transport to the surface, whereas Richardson et al. (2015) strived to
characterize what the potential eruptive dynamics of the area were.
Delaney & Gartner (1997) performed a comprehensive investigation of the San Rafael
Swell region, which contains the SRSVF, and mapped 174 total dikes sets based on their
alignment and proximity to one another. However, they suggest many of these individual
dikes likely coalesce at depth into parent feeder dikes. Dike widths were found to range from
< 1 m up to 6 m, with a log-normal mean of 1.05 m. Dike lengths also vary considerably,
although most were < 1 km long, they mapped a maximum dike length of 9 km. Their
work also showed that the preferred orientation for many of the exposed dikes correlate well
with pre-existing joint set orientations of the Entrada sandstone, which overlies the Carmel
Formation. However, Delaney & Gartner (1997) show this relationship is not consistent
across the region and suggest this deviation is caused by local stress field changes due to
dilation and the irregular three-dimensional form of the dikes. Regardless, as the dike ascent
continued closer to the surface, initiation of lateral spreading occurred to maintain dike-top
stress intensities sufficient to assure continued ascent (Delaney & Gartner, 1997). Their
inquiry provided a framework for other studies. Since then, a number of works have utilized
their findings to enhance interpretations concerning the controlling factors that lead to the
creation and evolution of intrusive and surface features found in the region.
Supplementing the physical record of Delaney & Gartner (1997), Kiyosugi et al.
(2012) focused on assessing the spatial distribution of dikes and conduits in the San Rafael
region. Although the relationships between the dikes, sills, and conduits are very complex,
they employed statistical methods to analyze their distribution. Through field mapping,
Kiyosugi et al. (2012) identified 63 conduits and ≈ 2000 dike segments in the area. Using
these data, they used kernel density functions to find a relationship between dike and sill
formation between the conduit distribution. They found that the distribution of conduits
in the region generally agrees with the distribution of the dikes, showing that the conduits
developed in clusters on the surface and that the dikes correlated well with this same pattern.
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They elaborate that the overall trends of dike swarms and conduits are slightly oblique,
which trend N-S to NNW, respectively, which they assert reflects counterclockwise rotation
of the dikes as they ascend from the source region in response to crustal stress. Since this
investigation garnered promising results, the same process was applied to other uneroded
distributed volcanic fields, showing that spatial relationships can be attained even with sparse
data.
Focusing on the physical aspects of magma ascent, Diez et al. (2009) offered possible
mechanisms for the creation of several intrusive features seen in the SRSVF. Their research
showed that, although dikes serve as a primary source of transport in the near-surface,
diapiric ascent of magma also took place as the roofs of sills deformed. They reinforce this
opinion through the examination of field and geophysical survey data. Utilizing geophysical
data from ground-penetrating radar (GPR), resistivity, and magnetics of the major outcrop
features, coupled with field descriptions of the physical characteristics of several plugs in
SRSVF, they argue that gravitational instabilities produced the plugs and other dome-like
features which are preserved as diapers. These outcomes are substantiated through the
lack of physical deformation at depth, as the geophysical survey did not provide substantial
evidence to support ascent by brittle fracture of pre-existing fractures or faults. Moreover,
since the thermal effects seen in the outcrops are not representative of bulk melting, a
thermally activated process of ascent does not account for diapiric ascent. Contrary to
normal ascent modes, the preservation of bedding structures found in the plugs in SRSVF
suggests that fluidization or liquefaction of the host by heating of the wet host rock allowed
for the pore fluid expansion, causing the sandstone to behave as a viscous fluid, allowing for
the en mass movement of magma bodies into the shallow subsurface over time (Diez et al.,
2009).
Richardson et al. (2015) provides a comprehensive analysis of the potential eruption
dynamics for the SRSVF using airborne and terrestrial lidar data to assess the amount of
magma emplaced in the area during the Pliocene. Using three different lidar datasets, they
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identified seven isolated, independent sill forming events, which were discerned based on
their vertical and horizontal proximity to each other. The vertical separation between sills
was determined to be on the order of tens of meters, with several kilometers of horizontal
separation. Analysis of the sill exposures allowed for calculating the in-situ volumes and
facilitated modeling of sills that were not well exposed. The estimated dike volumes were
modeled using the dike lengths and surface areas obtained from the lidar data, the stratigraphic block height of the dike host rock, and the modal dike thickness of 85 cm. As a result
of the modeling, they found that > 0.4 km3 of magma cooled in sills at shallow (< 1 km)
depth, showing that model volumes for each of the seven sills, which were emplaced over
areas 1 km2 – 10’s km2 , ranged from 0.001 km3 – 0.1 km3 . They suggest the sill volumes
mapped accounted for > 92% of magma intruded within their 50 km2 study area. They
suggest that these sills’ irregular shapes and size range are the product of single injection
events and the sills are not polygenetic (related to many eruptions over long periods of time).
Based on these findings, they suggest that the presence of sills modulated the eruptive dynamics. Arguing that in a two-phase flow, a disproportional capture of the liquid phase is
diverted into sills at the conduit-sill junction, allowing for the concentration of the gas phase
to accumulate in the conduit increasing the eruptive potential of the SRSVF.

2.3

Fissures
The intrusive features found here in the SRSVF are incredibly fascinating because

they give insights into the plumbing of dike systems and provide information on the development of volcano alignments at the surface of the Earth during volcanic eruptions and offer
information about how fissure eruptions may operate in the shallow subsurface. Basaltic fissure eruptions are found both in oceanic and terrestrial settings. These volcanic features are
attributed to dike ascent with lateral propagation and often occur within larger distributed
volcanic fields, on the flanks of large shield volcanoes, in rift zones, or within caldera walls
(Hughes et al., 2018). The dikes that supply magma to these eruptive features are often
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imagined as simple sheet-like planar bodies (Figure 2.3), although, realistically, the geometries of these features vary more radically due to changes in the mass flow rate and other
characteristics of volcanic feeder systems, such as explosivity, duration, and volcanotectonic
interactions.
It is clear that the propagation of dikes and the emplacement of magma is an important problem in geophysics. Nevertheless, the difficulty of making direct observations of the
structure of the underground conduits and of the dynamics of their formation has limited
our knowledge of the parameters and physical balances that govern the propagation of the
fissure system (Lister & Kerr, 1991). Generally, fissure systems are often not well exposed in
outcrops, and even though they are only their 2D geometries can be assessed. Identifying insitu geometries of dike systems may help us better understand how pathways change during
magma transport, how these alterations are controlled by and modify eruption dynamics,
and how changes in these volcanic systems can lead to the development of fissure eruptions.

Figure 2.3: Generalized schematic of a fissure eruption showing vertical sheet-like propagation of magma creating a laterally linear surface expression.
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2.4

Dike Mechanics
In order to understand the implications of my interpretations of dike and sill geome-

tries, it is necessary to review how dikes are generated. Using traditional mechanical models,
dikes and sills are normally considered Mode I openings, in the sense that these intrusives
are considered to fracture the host rock through dilation in the absence of slip or shear
strain. Considering the stresses that can act on the host rock, three principle stresses are
present, σ1 , σ2 , and σ3 . These stresses can be thought of as three vector quantities which
are orthogonal to one another. These stresses change magnitude due to varying conditions
in the substratum, but by convention σ1 > σ2 > σ3 . In the case of vertical dike propagation,
σ1 is usually vertical, parallel to the direction of magma ascent. In this case, the pressure
load exceeds the horizontal tectonic stresses present. The least compressive tectonic stress,
σ3 , is oriented orthogonal to the strike of the dike, and is the direction of dilation, and σ2 is
oriented parallel to the strike (Gretener, 1969; Rubin, 1995; Gudmundsson, 2011).
In the case of the SRSVF, mapping shows that step-overs in dikes are commonplace.
This pattern of en-echelon segments can be created by the rotation of the stress field during
propagation. This behavior can occur if the principle horizontal compressional stress rotates
as a function of depth. In the SRSVF, where unfractured sandstones overlie the intruding
bodies, this stress rotation highly affected the host rock, producing an abundance of these
left- or right-stepping features (Delaney & Gartner, 1997; Hoek, 1991; Mastin & Pollard,
1988).
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Table 2.1: Common tensile strengths of various rock types using the Brazilian tensile strength
method. Adapted from Perras & Diederichs (2014)
Rock Type
Basalt
Diorite
Dolomite
Gypsum
Limestone
. Mudstone
Quartzite
Sandstone
Shale
Siltstone
Syenite
Trachyte

Tensile Strength (MPa)
5.1
15.7
5.7
1.6
6.0
5.4
13.0
9.5
5.9
8.2
21.1
7.7

In order to open a brittle host rock for propagation to commence, the tensile strength
of the rock needs to first be overcome (Table 2.1). The stress required to do this is considered
σo and is equivalent to the tensile strength of the rock. In addition to this stress, the dike
must also overcome the least compressional stress and the dilation stress σd in order to
propagate and grow thick. In this case, the total stress required to open a fracture in a
unfractured linearly elastic brittle host rock is:

σv = σo + σ3 + σd
.
In other words, this equation says that from the perspective of the host rock, the
dike must create sufficient stress to (1) break the rock (σo ), (2) exceed the least horizontal
compressional stress (σ3 ), which is partially a function of the tectonic setting of the dike,
and (3) push the walls of the dike outward to create an aperture for magma to flow through
(σd ). This process is accommodated by the overpressure of the magma and the pressure of
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gases at the tip of the ascending dike (Burchardt, 2008; Connor & Conway, 2000; Rubin,
1995; Valentine & Krogh, 2006).
In some cases, pre-existing vertical fractures are present, such as the joint sets found
in the SRSVF. The joint sets here trend parallel to the dike and perpendicular to σ3 . If
these vertical fractures formed previously in response to extension, no stress, σo , is required
to exceed the tensile strength of the sandstone, so to open the dike:

σv = σ3 + σd .
In other words, if the dike encounters a vertical fracture of the same orientation during
its ascent, it requires less energy to follow and dilate that pre-existing fracture.
However, these pre-existing fractures are often not parallel to σ2 , but rather occur
at some angle. In this scenario, when a dike ascends from depth by fracturing rock, where
the dike strikes in the direction of σ2 and is perpendicular to σ3 . If it encounters a vertical
fracture as it ascends, which strikes at an angle θ, relative to the strike of the dike, the
normal stress across the fracture is then:

σn = σ3 cos2 θ + σ2 sin2 θ
If the vertical fracture is oriented parallel to the ascending dike, σn is σ3 . The magnitude of σn increases as the angle between the dike and the fracture increases. It will require
less magma pressure for the dike to dilate the fracture, even one oriented oblique to σ3 , than
to continue breaking the host rock, provided that:

σo + σ3 > σn = σ3 cos2 θ + σ2 sin2 θ.
Note that σ1 , σ2 , and σ3 all increase with increasing depth below the surface, whereas,
σo , does not change as a function of depth if considering only a homogeneous mechanical
model. In reality, this value will change if the host rock lithology changes, altering the tensile
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strength of the rock, or if the tensile strength varies as a function of temperature or pore
pressure with depth.
As dike propagation continues to shallower levels in a uniform host rock, the potential
for it to be diverted into vertical fractures increases, even if these fractures are oblique to
σ3 . When a dike rises from depth oblique to a set of fractures (joints sets) it will be diverted
into the joint set, creating a right- or left-stepping set of dikes in the shallow subsurface.
Consequently, in addition to the horizontal stress rotation previously discussed, capture of
the ascending dike by pre-existing joints is another way to create en echelon patterns in
dikes.
In low deviatoric stress environments, like the Colorado Plateau, where σ3 → σ2 , an
ascending dike is more likely to divert into a vertical joint set. The tendency for dikes to
divert into pre-existing vertical joint sets is apparent in the SRSVF, where en-echelon dike
segment patterns are found in abundance when looking at the area in plan view. If rotation
of the dike occurs at vertical joints, and the magma pressure continues to dilate these joints,
maximum tension occurs at the tips of the dike segments where they step over, sometimes
leading to the development of vertical conduits, which are preserved as buds that may or
may not have transported to the surface (Delaney & Gartner, 1997).
Alternatively, for sill generation to occur the principle compressive stress σ1 becomes
horizontal and the minimum compressive stress σ3 becomes vertical so that σh = σ1 and σv
= σ3 = ρgh:

σh = σo + ρgh + σd .
where ρ is the density of saturated host rock, g is gravitational acceleration, and h is
depth of the sill beneath the surface. Similarly to when diking occurs, when a substantial
change in the mechanical properties of the host rock takes place, such as occurs along bedding
planes where tensile stress can be dramatically reduced,
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σh = ρgh + σd .
When this occurs, the sill opens preferentially in the direction of the σ3 and propagates
in the direction of σ1 and σ2 , which are orthogonal to σ3 (Burchardt, 2008; Gretener, 1969;
Valentine & Krogh, 2006).

2.5

T-Junction Model
A secondary objective in this investigation is to identify possible T-junctions in the

SRSVF. These plumbing features are thought to impact eruption dynamics and, consequently, aiding in the alteration of the overall form of volcanic plumbing systems.
Investigations by Pioli et al. (2009), assert changes in eruption conditions are facilitated by ”T-junctions” in multi-phase flow regimes, where gas bubbles travel at different
velocities than the melt and crystals of the magma. They attribute these plumbing characteristics to the formation of sills and dikes, especially for basaltic eruptions like those in the
SRSVF.
They present evidence that the gas phase is generally partitioned into the vertical
conduits. However, they also assert that this is dependant on a number of factors. Their
research shows that changes in the T-junction orientation, mass eruption rate (MER), conduit pressures, and lateral branch diameter play a pivotal role as to whether gas is directed
vertically or horizontally. When systems conditions are right, lateral migration of volatiles
can occur. In turn, this gas movement, induces the development of dikes and sills through
the coalescence of volatiles, which increases pore pressure, alters the local stress regime, and
promotes fracturing of the host rock along inherent weaknesses, such as joint sets or bedding
planes.
Pioli et al. (2009) suggest the lateral segregation of gas-rich magma occurs in a twophase flow during events with lower mass eruption rates (103 kg/s), decreasing as MER
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increases, and is completely halted when the MER reaches 106 kg/s. Their research further
suggests that pressure changes along the conduit wall also contribute to the development of
this behavior; as junction pressure increases, lateral migration is preferred.
The modeling results of Pioli et al. (2009) shows that gas segregation is most efficient
when the diameter of the lateral dike is small, and magma flux is high, and as the lateral
channel diameter increases, volatile accumulation also increases, especially when the junction
pressure is high. This gas distribution between the vertical and lateral branches is assumed
to be a product of low gas volume flux relative to the magma volume flux. Furthermore, gas
segregation is enhanced by low magma viscosity, which controls bubble rise speed, and low
surface tension, which controls bubble coalescence.
However, these T-junctions can form sills only where the stress conditions allow for
σ1 to flip from vertical to horizontal. This reversal requires relatively shallow depths since
σh , relies on the pressure of the overlying rock. If σ3 (ρgh) and σd can not be overcome,
lateral branching will not happen. The need for shallow depths for flow partitioning to
occur at T-junctions is further reinforced by Pioli et al. (2009), as they suggest high junction
pressures just below, or in within the cone, direct the flow into the horizontal, rather than
the vertical branch. If this increase in pressure occurs as the ascending magma encounters
horizontal partings parallel to bedding planes, like those common to the Carmel formation,
flow forcing into lateral branches is enhanced. Furthermore, if a dike is present, this increase
in pressure is experienced along the dike walls. Where these planes of inherent weakness are
present in the stratigraphy σ1 flips to horizontal, and the magma will preferentially intrude
into them, rather than continuing vertical ascent. If these surface of weakness features are
not present, σ1 will instead continue as σv , promoting propagation along joint sets in the
unfractured sandstones.
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Chapter 3
Magnetic Data Acquisition and Processing

3.1

Purpose of the Magnetic Survey
I am unaware of any field observations or current studies which have documented

the geometries of T-junctions in dike and sill complexes. This study intends to identify the
overall geometry of the sills and dikes that are uneroded, and hence completely buried in
the subsurface, in an attempt better document the actual geometries of such structures.
To investigate these geometries, I modeled previously collected ground magnetic data on
a sandstone plateau in the SRSVF. Dikes and sills are not exposed at the surface in most
of this area but magnetic anomalies clearly indicate their presence. These anomalies are
modeled by varying the bodies’ magnetic intensity using five magnetization contrast values
between 0.5 and 2.5 A/m. Doing so allows for a robust interpretation of the 3-D geometry
by comparing the dikes’ lateral, horizontal, and vertical extents. Obtaining these details is
critical to assessing how the geometries of these features evolved. The interpretations from
this study aim to improve our understanding of distributed volcanism in the area and assess
if current fluid dynamic models for dike ascent can be applied to the formation of fissure
eruptions or scoria cone formation at the surface.

3.2

Magnetic Survey and Maps
The ground magnetic data were collected in a region where two conduits crop out

through sandstone covered by a veneer of alluvium (Figure 3.1). Data were collected on
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Figure 3.1: Google Earth image showing the mapped area in the SRSVF (up is north).

E–W lines with some N–S tie lines. This orientation was chosen to maximize coverage of the
predominantly N–S trending dikes. Data were collected as part of the USF field geophysics
camp in 2011 (Figure 3.2). During this survey, 19 E-W lines of total magnetic field readings
were collected at 1 Hz, line spacing was 100m. Five tie-lines were also collected in the N-S,
NW-SE, NNW, SSE azimuths.
Magnetic readings were made with a Cs-vapor magnetometer (Geometrics model
858). GPS data were collected using a handheld GPS with ±5 m horizontal accuracy. The
GPS data were collected and stored separately from the magnetic readings in the field. The
two data sets were merged by time-stamp matching of GPS and magnetic data, using the
procedure of George et al. (2015).
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Figure 3.2: Collecting magnetic data in the SRSVF. Note that the area is characterized
by grass-covered spaces devoid of outcrops. There are erosion-resistant sills capping the
sandstone cliffs in the background. Two volcano conduits are in the survey area (not shown
in the photo). From (Diez et al., 2009).

Sensor dropouts can hinder accurate interpretation and modeling of magnetic anomalies, and spikes in the data associated with anomalous sensor behavior (such as inappropriate
sensor orientation or jarring of the sensor during data collection) or anthropogenic magnetic
noise sources (George et al., 2015). Even in the best-case scenario when performing surveys,
magnetic data often still requires post-processing. For this dataset, minimal post-processing
of the raw data was done. Additionally, since only one magnetometer was used in the survey,
a drift correction was not applied since no base station was established. Noisy readings were
removed to reduce errors in the visual interpretation of the magnetic map (Figure 3.3) and
during inversions of the magnetic data. Noisy data removed from the raw data included a
complete transect from 4265775 N, which spanned the entire E-W extent of the map, and
a subset of data from 4264600 N between eastings 480250 and 480500. Noise on this line is
attributed to survey error (magnetic material on the person collecting the data).
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Figure 3.3: Data corrected magnetic map of the SRSVF, with overlay geologic contacts.
Black lines show transects during data collection (gaps in lines are from removing erroneous
data). Black circular features and bold black lines represent known geologic contacts (field
observations were provided courtesy of Dr. Charles B. Connor - USF). Elevation contours
(light gray lines) are spaced at 50 meters intervals. Map units are in nanoteslas (nT). Dark
and light blues represent higher intensity negative anomalies, whereas reds and whites signify
higher intensity positive anomalies.

24

Figure 3.4: Data corrected Reduction-to-Pole (RTP) filtered magnetic map of the SRSVF,
with overlay geologic contacts. Black lines show transects during data collection (gaps in lines
are from removing erroneous data). Black circular features and bold black lines represent
known geologic contacts. Where, lines represent sills and circle represent conduit features.
Elevation contours (light gray lines) are spaced at 50 meters intervals. Map units are in
nanoteslas (nT). Dark and light blues represent higher intensity negative anomalies, whereas
reds and whites signify higher intensity positive anomalies. Three roughly N-S trending
dikes are present in the field area and are denoted by the use of larger font D labels. These
sections are Dw – Western Dike, Dm – Middle Dike, and De – Eastern Dike. Features of De
shown in white text are NEs – Northeast Sill and Es – East Sill, where Ec – East conduit and
SEs – Southeast Sill are shown in black text. Features related to Dm shown in back text
are Mc 1– Middle Conduit 1, Mc 2– Middle Conduit 2, Ms1– Middle Sill 1, and Ms2– Middle
Sill 2. Three sections of Dw shown with black text are Nd – Northern Dike, Cc – the Central
Conduit, and Ss – the Southern Sill.
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The magnetic maps (Figures 3.3 and 3.4) were used to determine the relative location,
lateral dimensions, and connectivity of the shallow plumbing system found in the study area.
The magnetic maps illuminated that there are numerous magnetic anomalies in this region.
From the magnetic maps three laterally separated dike systems were identified as the primary
features that create these anomalies. Each system, De – East Dike, Dm – Middle Dike, and
Dw – Western Dike, is described in detail below.

Figure 3.5: Google Earth image showing documented outcrops in the SRSVF.

The eastern section of the map, containing De , was collected on a relatively flat, sandy
plain, outcrops identified during the survey are shown as bold black lines indicated on the
magnetic maps (Figures 3.3 and 3.4) and are identified in Figure 3.5. In the study area, sills
are physically seen to occur between ∼ 42642150 N and ∼ 4264350 N (SEs ), ∼ 4265000 N and
5265100 N (Es ), and again from ∼ 4265700 N and continue to the northern map boundary
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of 4266000 N (NEs ). The anomalies for Es and NEs are shown to be reversely polarized, low
amplitude negative anomalies. The surface signal for SEs could not be analyzed since data
was not collected over this contact. Both Es and NEs are considered to be continuous off
the map, where previous studies show sills and dikes to outcrop to the north, whereas sills
outcrop further to the east (Kiyosugi et al., 2012; Richardson et al., 2015).
Looking at Figures 3.3 and 3.4, the NEs anomalies can be visually traced southward
and are shown to be along strike of De . Like Es and NEs , De is also reversely magnetized and
is ∼ 700 m long, extending from ∼ 4265000 N to just south 4265700 N. The anomaly width
is consistent from south to north at around 25 m. There appears to be a small left step-over
near 480775 E, 4265300 N and a right-steeping feature just north of it 480800 E, 4265450
N. However, even though the dike feature terminates on Figure 3.4, looking at Figure 3.3 it
seems to be connected at depth with the NEs and likely produced NEs . Another interesting
feature of this region is a second inferred conduit, Ec , which is far south of the dike near
480775 E, 4264300 N. Although the conduit and dike are separated by almost 700 m, they
are still in-strike with each other, reinforcing the notion that this conduit also connects to
the same plumbing as De . The overall trend of the De magnetic anomaly is N-S, showing
increasing magnitudes moving northward, indicative of larger magnetized bodies.
The Middle Dike, Dm , is located ∼ 150 - 200 m west of De when measuring in the
central portion of the dike (near 480500 E,4265200 N). This separation increases northward
and decreases southward from the center of the map. The Dm magnetic anomaly is interpreted to be caused by a normally polarized magnetized body trending roughly N-S and
is ∼ 1600 m long, which has a left-stepping feature that develops near 480500 E, 4265200
N. This region of the magnetic anomaly is characterized as a significantly wider section as
compared to those north and south of it. Magnetic anomaly widths in this area are just
under 200 meters. Widths directly south and north of this are generally <50 m. In the most
southern section of Dm one small conduit, Mc 1– Middle Conduit 1, was identified during the
survey, however due to a lack of data over the anomaly an assessment was not made. In the
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northern region of this dike, multiple anomalies are seen. The first feature identified after
the step-over is the Middle Conduit 2, Mc 2 (near 480375 E, 4265600 N), which appears to
be a broader circular magnetic anomaly interpreted to represent a buried conduit or bud.
This anomaly shows as an irregular circular dipole feature ∼50 m in diameter. This conduit
may be a separate feature, or it may lie along the dike. Two more features are seen further
north of Mc 2 and are more suggestive of sills rather than dike segments. These anomalies
are normally polarized and are represented as Ms1 – Middle Sill 1 and Ms2 – Middle Sill 2
(Figure 3.4). These sills appear connected to Dm , and considering their proximity to each
other and their similar trends; they may connect. The Ms2 anomaly is nearly 200 m long
and just over 100 m wide. Unfortunately, Ms1 is truncated by the north edge of the map,
so a full description of its extent is unachievable with this dataset, although, at its widest,
near the map’s edge, the body is almost 200 m wide. This anomaly width is larger than
any other in the mapped section. Both of these anomalies share similar amplitudes, nearing
600 nT. The general trend of this dike section is similar to that of the De anomaly, where
amplitudes increase northward, as does the amount and sizes of the anomalies.
Located ∼ 700 m west of Dm is the Western Dike section, Dw . This region also hosts
numerous anomalies. Moreover, Dw is characterized by three visibly distinctive sections. In
the south, a large, broad, elongated anomaly about 400 m long and 150 m wide is present
between 4264200 N and 4264600 N. This anomaly has similar wavelengths and amplitudes
as compared to those found in the northern section of Dm and I consider it to be a sill. The
Southern Sill, Ss , is normally polarized and has a maximum positive amplitude between 500
and 600 nT. In the central region of Dw , a mapped surface conduit is present from 4064800
to 4265000 and is considered as Cc - the Central Conduit, and is shown in Figures 3.3 and
3.4 with double bold black circular lines. Cc is irregular in shape, being elongated in the
N-S direction. Its length is ∼ 200 m with a corresponding width of ∼ 100 m. Cc exhibits a
normally polarized magnetic dipole, showing negative values to the north and positive values
to the south. Adjacent and to the west of Cc is a narrow positive anomaly that is interpreted
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as a shallow dike segment that may be connected to Cc . This anomaly measures roughly 200
m in length and has a fairly constant width of about 40 m. South of Cc , another anomaly
interpreted to be a sill appears to be present, which is ∼ 100 m wide by ∼ 100 m long.
However, due to its proximity to Cc , these dimensions may be exaggerated. Moving north of
the Cc , a thin, elongated right-stepping normally polarized anomaly begins at ∼ 479700 E,
4265100 N and continues to the northern edge of the map along a NNE trend. The stepping
nature and small widths seen for this anomaly suggest this feature is a dike and not a sill
and is termed the Northern Dike, Nd . The dike is nearly 900 m long and shows variation
in widths along it. At the proximal and distal regions of the Nd , widths are around 25 m;
however, where step-overs occur along it, widths increase to over 50 m. Contrary to Dm and
De , the overall trend of Dw shows broader, higher amplitude anomalies present in the central
and southern regions and decreases in amplitudes and widths are found in the north.
As mentioned, a change in the polarity of the anomalies is seen across the study
area. The polarities of Dw and Dm anomalies are normal, and the polarity of De anomalies
is reversed. This is evident from positive amplitudes observed for the dikes and sills of
Dw and Dm in contrast, to the inverted amplitudes of De . In other words, the normally
magnetized dikes in the central and western regions are dominated by higher magnitude
positive amplitude anomalies (> 0 nT), whereas, in the eastern region, the dike contains
higher magnitude negative amplitude anomalies ( < 0 nT). The differences in the polarity of
magnetic dikes in the map area indicate that some time passed between successive intrusion
episodes. However, it cannot be determined from the magnetic anomalies how much time
passed, as polarity reversals can take place on geologically short time intervals (e.g., <1000
yrs) (Valet et al., 2012).
Although the anomaly amplitudes and dimensions can shed light on what they may
represent, the indeterminant nature of potential field studies is problematic since multiple
geometries and varying magnetizations can create the same magnetic anomaly. With this
understanding, careful consideration needs to be taken to develop hypotheses concerning
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their origin. For example, higher magnitude values can represent very shallow, relatively thin
bodies. Conversely, this same feature can be characterized by a thick, deeply buried body,
instead. Further complicating these scenarios is variation in the magnetization of the dikes
and sills. As the intensity of magnetization increases, the amplitude of the magnetic anomaly
also increases. Hence, a deeply buried thin body with a high intensity of magnetization
can produce the same magnetic anomaly as a shallow, thicker body with low intensity of
magnetization. This relationship poses difficulty in distinguishing the true nature of the body
that produces the anomaly. Therefore, reducing these possibilities is critical to accurately
identify what these features are. Fortunately, inversion modeling helps to eliminate many of
these complexities by reducing what is possible to what is geologically probable. Inversion
modeling allows the user to set up a model space in which many different models can be
created by varying the input parameter values. Constraining these inputs to geologically
reasonable values helps. However, numerous model iterations still need to be performed to
ensure the final model used is the most representative of the geologic setting being explored.

3.3

E-W Transect Profile Modeling
E-W profiles were plotted for each transect to investigate the extent and attributes

of the magnetic anomalies (Figure 3.6). The spacing of the profile lines is 100 m in the N-S
direction from 4264300 N to 4266000 N and from 479550 E to 480900 E. In contrast, sample
spacing is dense (<1 m) along each traverse line. Transects along lines 0, 4, and 14 were
omitted from the diagram for various reasons. Line 0 was excluded since it did not contain
any anomalies, line 14 had incomplete transect data and did not enhance interpretation,
and line 4 required extensive filtering of the magnetic data, significantly reducing its validity
and usefulness for performing a visual comparison. Box filtering of the data, using a moving
average box value of 2 points, was performed on all lines to remove unwanted noise. This
method effectively reduced each transect dataset by half and produced the average values
between successive points along each transect. A new dataset was created from these filtered
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values and they were then plotted. However, noise is still noticeable on all profiles, especially
in the middle and eastern dike sections, showing up as high-frequency perturbations. A large
magnitude offset was employed (500 nT) from profile to profile to view all the transect profiles
simultaneously. Also, the E-W direction of all profile graphs is exaggerated to allow for easier
delineation of the shallowing plumbing system features. The grey dashed lines on Figure 3.6
show the sub-regions plotted for each dike section. Labels on all magnified profile graphs
identify the interpreted anomalies from the magnetic map assessment.

Figure 3.6: Image shows the profiles for all lines except lines 0, 4, and 14 (4264200 N, 4264500
N, and 4265550 N, respectively). Grey dashed boxes show the outline for the locations of
three dike sections, De – East Dike, Dm – Middle Dike, and Dw – Western Dike. The transects
are shown from 480500 E to 480900 E.

Magnified profiles for each dike section are shown in Figures 3.7, 3.8, and 3.9. Transparent grey masks identify line anomalies associated with each dike. The black lines in each
graph show approximate central locations for each dike along each transect. The grey dashed
lines represent the general trends of each feature and inferred connectivity. All profile sections contain other anomalies that are separate from the labeled magnetic anomalies. These
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anomalies are smaller discontinuous dike sections, connected and isolated sills, buds, and
small conduits. As previously discussed, some of these features outcrop in the field near
the northern and eastern map border and have been documented by Kiyosugi et al. (2012);
Richardson et al. (2015).

Figure 3.7: Profiles of transects through De from 480700 E to 480900 E. Black lines show
roughly the center of each anomaly. Grey dashed lines represent the general trends of each
feature and inferred connectivity. Transparent grey overlay highlights prominent stepping
features of the dike system. The red dashed circle represents conduit-like magnetic anomalies.
Profile lines are offset by 500 nT from each other, starting with line 1 (4264200N).

Moving through the study area from east to west, DE is the first dike encountered.
Profiles for this feature are shown in Figure 3.7 spanning from 480700 E to 480900 E.
Several anomalies present themselves in this section, allowing for line-to-line relationships to
be recognized.
De is present from line 8 to line 16 and has varying amplitudes. The dike is characterized by a right-stepping feature, with the largest offset occurring at line 13. The largest
amplitudes seen along De are on line 12 with a positive peak amplitude of ∼ 400 nT with
a corresponding negative amplitude of ∼ 400 nT. Other higher amplitudes associated with
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De are on line 13, where two peaks are seen. The maximum amplitude of the western peak
is nearly 450 nT, whereas the eastern peak is closer to 500 nT. The only other line with
a higher amplitude anomaly along the dike section is found on line 16, with a peak amplitude of ∼ 200 nT. The rest of the anomalies seen in the profiles on Figure 3.7 have modest
amplitudes that are < 50 nT, with the lowest seen in lines 8 through line 11.
Other anomalies identified on the profiles include NEs , which is shown over two
lines, lines 16 and 17. On line 16, it is represented near 480840 E, by a reversely polarized
anomaly having a peak amplitude close to −1000 nT. Continuing to line 17, near 480850,
it is represented as a normally polarized anomaly, with a maximum positive amplitude of
approximately 1000 nT. The small isolated conduit south of De is seen on line 1 at 480745
E (marked as a red circle in Figure 3.7) and shows a maximum amplitude peak of 260 nT
to a minimum peak of −640 nT. Many other anomalies occur near the end of each transect
line. These anomalies are associated with a large outcrop adjacent to the east of the field
site. The end point variation across the profiles is due to termination of the transect as the
outcrop was reached.
The next dike section encountered is Dm , which extends from 480180 E to 480580 E
in Figure 3.8. The profiles for Dm show four prominent features, with the most noticeable
being two dike segments. These are observed as a discontinuous linear feature having a
significant left-step on line 12. Dm begins on line 5 near 480465 E, with a beginning peak
amplitude of ∼ 60 nT, which continues through line 6. However, for lines 7 and 8, the
maximum positive amplitude increases almost three-fold to 170 nT. This increase continues
for line 9, whose maximum amplitude is ≈ 470 nT. Peak amplitudes decrease as the dike
approaches the step-over region, where line 10 is ≈ 190 nT, line 11 is ≈ 80 nT, and line 12
weakens to almost 45 nT. On line 12 where the step-over occurs, at ∼ 480390 E, amplitudes
increase again to ∼ 165 nT. This upward trend continues until reaching the peak amplitudes
of Dm on lines 16 and 17, where maximum values are shown to be ≈ 230 nT and ≈ 275 nT,
respectively, with line 18 decreasing to ≈ 90 nT.
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Figure 3.8: Profiles of transects through Dm from 480180 E to 480580 E. Black lines show
roughly the center of each anomaly. Grey dashed lines represent the general trends of each
feature and inferred connectivity. Transparent grey overlays highlight prominent stepping
features of the dike system. Red dashed circle represents conduit like magnetic anomalies.
Profile lines are offset by 500 nT from each other, starting with line 1 (4264200N).

Ms1 and Ms2 can also be identified on the Dm profiles. Ms1 is located at ∼480395
E to 480580 E, showing up as a prominent positive amplitude anomaly near the east edge
lines 17 and 18. This anomaly appears to have a step-wise increase in amplitude from west
to east. The positive peak amplitude observed on line 17 is seen around 480500 E and is
≈ 460 nT, with a corresponding minimum amplitude of ≈ −340 at the eastern edge Ms1 at
∼ 480545 E. A similar feature with higher amplitude positive and negative values is seen
moving northward to line 18. The positive peak amplitude for this anomaly occurs near
480555 E and is ≈ 700 nT, with the lowest amplitude being ≈ −430 nT at ∼ 480570 E along
the eastern edge of Ms1 . Ms2 is seen across lines 17 and 18 as well. These anomalies are like
those found in Ms1 but are not as broad or complex. These anomalies are likely continuous
bodies as compared to the discontinuous nature of the anomalies observed for Ms1 . The
general trend exhibited for Ms2 across both lines shows a relatively symmetric bell-shaped
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curve with a gradual increase in amplitude from east to west. A peak amplitude of ≈ 615
nT for Ms2 is seen at ∼ 480235 E on line 17, whereas on line 18, the amplitude decreases to
≈ 500 nT at 480215 E. Since these features gradually increase in amplitude, anomaly edges
were easier to determine, allowing for approximated widths to be determined. On line 12,
the width of Ms2 is around 50 m, and on line 18, it decreases to roughly 35 m.

Figure 3.9: Profiles of transects through Dw from 479550 E to 479900 E. Black lines show
roughly the center of each anomaly. Grey dashed lines represent the general trends of each
feature and inferred connectivity. Transparent grey overlay highlights prominent stepping
features of the dike system. The red dashed circle represents conduit-like magnetic anomalies.
Profile lines are offset by 500 nT from each other, starting with line 1 (4264200N).

This last dike section discussed, Dw , is the primary focus of the modeling done in this
study, so additional details have been given concerning the generation and connectivity of
the anomalies to assist in the interpretation of the forward and inversion modeling outcomes.
As seen with De and Dm , anomalies are present in all profiles lines for Dw (Figure 3.9). Based
on these anomalies’ orientation and geometric trends, they were divided into four different
segments, which encompass Ss , Cc , the west dike segment of Cc , and Nd . Starting in the
south of the Dw section, the first anomaly encountered is Ss . This sill anomaly is only
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expressed across lines 2 and 3. Anomalies found on these lines share similarities to those
described for Ms 2, and they exhibit gently sloping flanks and have only positive magnetic
values. A maximum amplitude of nearly 500 nT was seen at ∼ 479710 on line 2 and on
line 3, ≈ 955 nT was observed at ∼ 479695 E. Since these anomalies are like those seen
for Ms2 , approximate widths could be calculated. Widths observed for Ss are ∼ 150 m on
line 2, decreasing to ∼ 140 m for line 3. The anomalies associated with Ss could infer larger
associated volumes or reduced depths if the intensity of magnetization remains constant over
the study area. The increasing amplitude from lines 2 to 3 could be viewed as a decrease in
depth or increase in body thickness.
The largest anomaly in the mapped section, Cc , is seen on line 7 at ∼ 479735 E
north of Ss . This dipole feature is associated with a steeply dipping magnetic body. The
attributes of this anomaly are analogous to those produced when modeling a buried vertical
cylindrical body. The magnetic field present could be representative of a magmatic conduit
originating from great depths. Since this vent is seen at the surface, it is not surprising that
it produces the largest amplitude anomaly in the study area. The peak amplitudes for the
line 7 anomaly range from ≈ 1900 nT to ≈ −1355 nT. The width of the anomaly is roughly
30-50 m.
North of Cc , the Nd anomaly is observed. This region of Dw begins on line 8 near
479675 and continues through the last profile line (Figure 3.9). Anomaly peak amplitudes
slowly increase from ∼165 nT on line 8 to a maximum amplitude of ∼ 325 nT on line 12.
At which point, they decrease to 260 nT on line 13 to ∼ 120 nT on line 16 and increase
again to nearly 200 nT on line 17. There is a rapid decrease in amplitude from line 17 to
line 18, where a peak amplitude of only ∼ 80 nT was seen. Trends observed in Nd show
a right-stepping magnetic anomaly through all the profiles north of Cc . Estimated widths
vary along the dike, with the narrowest anomaly seen on line 8 at ∼ 15 m and the largest
occurring on line 17, where the width increases to almost 70 m. Anomaly widths for the
remaining lines remain reasonably consistent, ranging between ∼ 35 to 50 m.
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General trends in this section show that the anomalies seen in Ss and Nd generally
do not exhibit the same dipole nature of Cc . Instead, they show varying positive amplitude
values, which are inferred as changes in depth and volume. Given that the amplitudes and
shapes of Ss and Nd are relatively constant, it could be assumed that the depths and volumes
are also constant. Therefore, where changes in the magnitude and shape of the anomalies
occur, for example, near the more distal regions of Nd , changes in the depth or thickness of
the body would have to take place.
With this dataset, determining the connectivity between Ss and dike west of Cc has
proved to be difficult. The positive anomalies of Ss , which have low to medium amplitude,
are similar in amplitude and and appear to have the same right-stepping behavior as the
anomalies directly west of the Cc , suggesting they may be connected. Another alternate
theory is that these two bodies are not connected in the shallow subsurface and Ss is a
separate feature. Under this assumption, their apparent connectivity would be caused by
overprinting of the magnetic field between the southern edge of the Cc west dike and the
northern edge of the Ss , creating a feature in the data that does not actually exist. Another
hypothesis could be that the dike segment west of Cc is actually the beginning of Nd . This
theory is also supported given their similarities in amplitudes and widths. However, all the
anomalies likely share the same source at depth.
These observations suggest a right-stepping en echelon dike formed either directly
west of or north of Cc that trends roughly NNE. While the system was active, a broad sill
feature Ss also developed, either independently of Cc , or through southward migration a
magma originating from Cc . However, this second hypothesis is complicated by the fact Ss
is offset to the west from Cc and there is no magnetic anomaly present showing connectivity.
These initial interpretations provide a valuable starting point for interpreting the extent,
connectivity, and spatial relationships of these buried features. However, to gain insight into
their subsurface geometries, three-dimensional inversion modeling is necessary.
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3.4

Summary of Qualitative Interpretation of Anomalies
Based on the anomalies found in the study area, three dike sections (De , Dm , and Dw )

were examined to evaluate their size, shape, polarity, magnitudes, and possible connectivity.
In De , an ∼ 700 m long reversely polarized dike was seen. This dike trends roughly N-S
and contains a very moderately spaced left-stepping magnetic anomaly. Connecting to De
are two sills, one along the eastern map edge, Es and the other in the northeast section of
the map, NEs . Near the middle of the study area, Dm is present. This dike is an ∼ 1600 m
long normally polarized body trending roughly N-S. This dike anomaly is the longest and
widest in the study area. Dm connects with at least two sills in the north, Ms1 , and Ms2
and contains possibly two small conduits south of the northern sills (features are not labeled
on the map). This dike has a wide left step-over. The westernmost dike section evaluated
is the normally polarized Dw . This section contains a broad sill to the southwest Ss , which
is ∼ 400 m long and 150 m wide. In the central region, a conduit, Cc , is documented to
be exposed at the surface, shows large amplitude anomaly (≈ 1900 nT to ≈ −1355 nT)
with a width of ∼30-50 m. The northern section hosts a narrow, right-stepping ∼ 900 m
long dike trending to the NNE. This feature is composed of multiple dikes segments that
range from ∼ 50 m to 400 m in length. Widths along the dike vary from 15-70 m, with
most being between 35-50 m. In a few sections along the dike, small sills are seen to form.
The sills are seen on both magnetic maps, as well in profile view. In regions along all dikes
where connectivity between the dikes and sills is assumed to occur, according to Pioli et
al. (2009), T-junctions would have to be present. However, the T-junctions in the SRSVF
have proved to be elusive. First, where these connections may occur, the transect data may
not capture these exact locations, prohibiting the visualization of the T-junctions. Second,
the T-junction location may be hidden from view as their location could be masked by the
anomalies present. In other words, their magnetic signature is added to the larger anomalies.
This is possible if the T-Junctions occur under the anomaly or at depths beyond the model.
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Lastly, explicitly for Dw , where the dike west of Cc and the Ss are present, the profiles
should show the T-junctions. However, since these features do not directly connect with
the Cc , the T-junctions do not appear to be present, and if they are, they are obscured by
magnetic anomalies for Ss and Cc . Since the 2D profiles do not provide enough information
to determine the connectivity between these features, the geometry of the T-junctions is
not assessable. Alternatively, if these sill features were adjacent to the dikes and sills and
spanned across multiple profile lines, obtaining simplified geometries of these features may
be ascertainable.
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Chapter 4
Modeling the Magnetic Anomalies

Although the SRSVF provides numerous accessible examples of the dikes and sills that
comprise its shallow magma plumbing system, only 2D information from weathered surfaces
can be collected. Modeling the magnetic field is necessary to fully assess the unaltered in-situ
3-dimensional geometries of these buried features.
In this study, both forward and inversion modeling techniques are employed to characterize the geometries of the dikes and sills from magnetic anomaly data. First, preliminary
models are produced using forward modeling solutions to assess whether dikes and/or sills
account for the magnetic anomalies observed at the surface. After preliminary forward models were constructed, inversion models were then generated using the parameterization values
obtained from the forward model results. Interpretations were then drawn from the inversion
outputs regarding the attributes of the 3D shallow plumbing system.

4.1

Previous Magnetic Investigations Over Dikes
Magnetic surveys have proved to be a valuable asset in the geophysics toolbox. Oddly,

however, these types of surveys have not been applied widely to the imaging of dike and sill
geometries. At least one survey has been done within the SRSVF by Diez et al. (2009)
mapping magnetic anomalies. This study provides a valuable comparison for the results of
this study. Diez et al. (2009) collected 24,000 total magnetic field readings with a Cs-vapor
magnetometer with a maximum spacing <5 m to determine the connectivity of domes and
sills, the lateral extent of the sills, the depth relationships of surface features, and to identify
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other buried features in the SRSVF. This investigation was done <5 km east of the site
discussed in the thesis.
Another survey performed over a dike was done by Sowerbutts (1987). They modeled
magnetic anomalies associated with a Tertiary intrusion in Staffordshire, England, using
a vertical magnetic gradiometer with two fluxgate magnetometers. This survey revealed
fascinating details about the form of an igneous intrusion known as the Butterton Dyke
(Sowerbutts, 1987). Using magnetic gradient measurements, they found a pair of linear
magnetic anomalies, both ∼ 6−8 m in width, that were approximately parallel and extended
southward for a distance of over 200 m.
Others (Maunde et al., 2013; von Dobeneck et al., 2021) have performed magnetic surveys to assess dike geometries for various reasons, like for mining assessments and the development of new techniques for morphological investigations. Employing a proton-precession
magnetometer for surveying the Tertiary Cleveland dike of North Yorkshire, England, for
mining, Maunde et al. (2013) used total magnetic field intensity data to delineate the geometry of this extensive (∼ 430 km long) dike. By calculating the horizontal and vertical
gradients and their derivatives, as well as the analytical signal and local wavenumber of the
anomalies, Maunde et al. (2013) estimate the width of the dike top be ∼ 10 − 15 m wide
residing at a depths between ∼ 5 − 7.5 m.
Performing a ground magnetic survey has also proved to be a reliable and efficient
method to find and track weathered dikes under the soil. von Dobeneck et al. (2021) surveyed
the Heldburg Dike Swarm (HDS) to identify regions of soil creep and perturbation. They
found a single straight, narrow, near-vertical volcanic dike (von Dobeneck et al., 2021) with
a length of ∼ 1.5 km. Using the total magnetic field and its vertical gradient, they modeled
the geometries as a 1-meter-wide dike with depths to top between 0.5 m to 2.5 m, which
varied with topography.
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Although this is not an exhaustive list of how magnetic surveys have been utilized
to identify magnetic anomalies associated with dikes, these studies do show, however, that
performing these investigations can serve a variety of purposes.

4.2

Model Treatments of Dikes
Many researchers have provided mathematical approaches to ascertain the geometry

of magnetic anomalies created by dikes (Babu et al., 1986; Essa & Elhussein, 2019; Gay,
1963; Ku & Sharp, 1983; D. A. Rao et al., 1981; D. B. Rao & Babu, 1991; Salem et al., 2002,
2007).
D. A. Rao et al. (1981) developed a method to interpret the magnetic anomaly due to
a dipping dike using the vertical and horizontal gradients of the anomaly. By selecting a few
characteristic points from phase and amplitude plots of the complex gradient, parameters for
the dike can be calculated. They found that for a dike whose half-width is greater than its
depth of burial, two maxima at equal distances on either side of the minimum value appear
on the amplitude plot, and for a dike whose half-width is equal or less than its burial depth,
the amplitude plot is a bell-shaped symmetric curve with its maximum appearing directly
over the origin.
D. B. Rao & Babu (1991) developed an approach using a vertical-sided prism with
arbitrary polarization in their model, which enables the three-dimensional analysis of anomalies using total field magnetic data. Since the equation for prismatic bodies is nonlinear, they
utilize a nonlinear optimization technique based on Marquardt’s algorithm to estimate unknown parameters of the equation. A total of twelve model parameters are designated for
the model, consisting of the horizontal and vertical components of the body, the intensity of
magnetization of the body, the inclination, and declination of the body and the Earth, as
well as the orientation of the body with respect to geographic north. By employing the exact
and estimated solutions, with respect to the distance from the observation point, where near
points are exact solutions and distal points are estimated solutions, their model can quickly
42

calculate the magnetic anomalies caused by prismatic bodies. The model also permits the
incorporation of multiple prisms for the analysis of more complex fields.
Ku & Sharp (1983) offer a 2D methodology that uses a simplified thin-dike assumption
to transform the nonlinear magnetic problem into a linear one. This method is expanded by
the fact that the horizontal gradient of the total field caused by the edge of a thick interface
body is equivalent to the total field from a thin dike (Ku & Sharp, 1983). This approach
requires only seven unknown variables to be solved by using linear equations. Solving the
7-point Werner operator using total magnetic field data allows for the approximation of the
horizontal location, the magnetic susceptibility, dip, and depth of the body that produces
the anomaly.
To develop a rapid method to analyze magnetic anomalies caused by dike-like bodies,
Babu et al. (1986) implemented a 2D model that uses a uniformly magnetized dike whose
width is twice its depth, having an arbitrary polarization. Using the assumption that the
width-to-depth (W ) ratio is two, the model utilizes the straight-slope method to determine
the depth of a buried body. When W = 2, they found that the depth to the top of a dike is
1.25 ∗ S, where S is the straight-slope distance along the steepest gradient of the magnetic
field. This method offers solutions for bodies that have remnant and induced magnetization.
In the presence of remanence, they show that the body dip can be calculated when the
direction of the resultant field is known or assumed and vice versa. The model can also
calculate the minimum susceptibility contrast k for induced magnetic anomalies using the
total field amplitude A and intensity T .
Essa & Elhussein (2019) developed an algorithm that utilizes the magnetic anomaly
data to solve for the first horizontal derivative, using window filters of sequential length,
to interpret magnetic anomaly data due to inclined dike-like structure. The results of this
technique provide the half-width, depth, angle of magnetization, and amplitude factor of an
inclined dike-like feature.
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Using the total magnetic field data, Salem et al. (2002), calculated the amplitude of
the analytical signal of a dipole source by finding the derivatives of the total magnetic field
using the Fast Fourier Transform. This information then defined the analytic signal equation
for induced magnetic dipoles. Their equation indicates that the shape of the amplitude of
the analytical signal (AAS) above dipolar sources depends on the magnetic inclination value.
This method has shown to be more effective for detecting the edges of shallowly buried
features since the AAS is dependant on the magnetic gradient and all values are positive.
Moreover, since the AAS is symmetric and perpendicular to the horizontal component, lateral
estimations are much more accurate, whereas, Salem et al. (2002) note that since the AAS
is dependant on the magnetization direction, there is uncertainty in calculating depths.
Salem et al. (2007) present a quick and simple method to detect vertical contacts
using reduction-to-the-pole (RTP) data calculated from total magnetic intensity data. The
tilt-depth method offers simplicity since it only utilizes first-order derivatives, which are
fundamentally easier to calculate and offer the advantage of being less susceptible to effects
created by background noise. Moreover, this technique requires only specific contours of the
magnetic tilt angles to be mapped. They show that the zero contours delineate the spatial
location of the magnetic source edges while the source depth (assuming a vertical-contact
model) is the distance between the zero and either the –45 ◦ or the +45 ◦ contour or their
average (Salem et al., 2007). However, it is noted that, although this method produces rapid
results, the need to process total magnetic intensity data to RTP is a problematic part of
their procedure and causes model degradation near the magnetic Equator.
All the models mentioned above attempt to reconcile physical geometric parameters
of dike bodies. These numerical models share many similarities, although they do not all
solve for the geometric complexities of dikes, such as step-overs or rapid changes in width.
Since making inferences about these dike and sill characteristics in the SRSVF is crucial for
assessing the plumbing geometries, multiple models are used in this investigation to improve
my odds.
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For forward modeling, I employ a simplification of the Plouff algorithm to solve
for the magnetic anomaly associated with a vertical-sided polygon (Plouff, 1976). This
method solves for the components of the total magnetization vector using the direction and
magnitude of the Earth’s magnetic field, the magnetic components of the anomalous body,
and an intensity of magnetization value. The model employs the sum of several horizontal
laminas to represent a three-dimensional magnetic body (Plouff, 1976). These laminas, which
are used to formulate the volume integrals for a vertical-sided polygon (Connor & Connor,
2015), replace the polygonalized contour of the total body (Plouff, 1976). The geometry
is simplified compared to a general 3D body because the sides (faces) of the polygon are
vertical, and the top and bottom are flat, allowing for the Plouff model to formulate the
solution for a polygon of any thickness (Connor & Connor, 2015). Although completing
this operation needs to be performed with discretion, since different arrangements of the
arbitrary lamina give different results (Plouff, 1976). Another caveat to the model is that it
cannot calculate the magnetic field at the same level as the magnetic body. Luckily, these
disadvantages are overcome by integrating the lamina formulas in the direction of the depth,
which yields an exact solution for a three-dimensional polygon prism (Connor & Connor,
2015).
An open-source program, MagCube-parallel, is used to perform inversion modeling.
This program utilizes the exact solution for a vertical-sided prism developed by D. B. Rao
& Babu (1991), as discussed above. A full description of the program is supplied in the
”Program Description” section of this thesis.

4.3

Forward Modeling
Preliminary three-dimensional modeling was performed using the simplified Plouff

model for a vertical-sided prism to investigate the potential causes of the magnetic anomalies
seen at the surface in SRSVF. These anomalies could be produced by dikes, sills, plugs, or by
a combination of these features. This initial models outcomes provide simple examples that
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relate to the shape, polarization, and extent of the intrusive features found in the SRSVF.
The examples were used in comparison with forward model solutions of the observed data
in this study.

4.3.1

Frying Pan Sill Region
Another region in the SRSVF, hosting well-exposed dikes and sills, serves as an ana-

log to illuminate dimensional characteristics of the features I could expect to see in my study
area. This precursory study was done on the Frying Pan Sill (FPS) region of the SRSVF located ∼ 11 km east of my field site. The area is characterized by a high-standing topography
that hosts a large, isolated sill within the Carmel formation. The sill gently dips westward
and is ∼ 5 − 20 m thick and covers a circular area of ∼ 2.5 km2 . This sill is mostly exposed,
and where it is not, only a thin deposit of <5 m of sandstone rests atop it. Dikes in the
region are in great abundance and are continuous throughout the area. Dike segments show
multiple offset orientations, both left- and right-stepping en echelon features are observed.
The range of strike for the dikes is between NNW to NNE, with widths varying between
<1-8 m, with the majority being between ∼ 1 − 2 m. The dike orientations and widths observed are similar to those documented throughout the SRSVF (Delaney & Gartner, 1997;
Richardson et al., 2015). Due to the fantastic exposure of the sill and the abundance of dike
outcrops at the surface, it is easily examined using Google Earth and serves as an excellent
proxy for comparison purposes (Figure 4.1).
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Figure 4.1: Map of the Frying Pan Sill located ˜11 km east of the study area. Map key
identifies map features.

After assessing the thickness of the sill and the dike widths found in the FPS section,
whole values were used to model the expected magnetic anomalies of these features as they
would be seen if walking along the surface. For the dikes, I used a width of 1 m and modeled
the attenuation as a function of depth to 1 km below the current topographic surface. Doing
so, I varied the upper surface of the dike from just below ground level (0.001 m) to a maximum
depth of 200 m. As for the sill thickness, 15 m was used with 2 m of overburden, meaning
the sill top would equal 2 m, with the bottom surface at 17 m depth. Both dikes and the
sill were modeled using a magnetic intensity of 1.5 A/m and were modeled as if they were
emplaced in Earth’s current (normal) magnetic field orientation. The orientation of the
vector of magnetization for both was set at 64◦ inclination and 9◦ declination.
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4.3.2

FPS Dike Models

Figure 4.2: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 0.001 m, Bottom depth: 1000 m.

Figure 4.3: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 1 m, Bottom depth: 1000 m.
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Figure 4.4: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 10 m, Bottom depth: 1000 m.

Figure 4.5: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 20 m, Bottom depth: 1000 m.
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Figure 4.6: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 50 m, Bottom depth: 1000 m.

Figure 4.7: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 100 m, Bottom depth: 1000 m.
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Figure 4.8: Image shows the attenuation with depth of a 1 m dike having a magnetic intensity
of 1.5 A/m – Top depth: 200 m, Bottom depth: 1000 m.

The forward modeling results of the dikes show that as depth to the top increases, the
intensity of magnetic anomaly reduces significantly. This change was most notable within the
first 10 m below the surface, where an order of magnitude change was observed (Figures 4.2
– 4.4). As the top surface gets deeper, this rapid reduction in amplitude diminishes. From
10 to 20 m depth the intensity was seen to drop by approximately half, going from ∼ 300 nT
at 10 m to ∼ 150 nT at 20 m (Figures 4.4 and 4.5). The magnitude of this change becomes
even more attenuated as the depth to the top increases below 20 m. After 50 m in depth,
there is only an ∼ 40 nT change in maximum amplitude from 50 m to 200 m (Figures 4.6 –
4.8). These models show that greater depths affect the attenuation less, and since magnetic
amplitudes are a product of the total body, these deeper features only slightly increase the
magnitude of the anomaly.
Since most of the changes in magnitude occurred within the upper 20 m of these forward models, I chose to use 20 m as my lower bound for performing the forward modeling on
the magnetic data collected in SRSVF. However, realistically, this depth does not represent
the entire length of a dike. Instead, this depth is used to define where most of the signal
seen at the surface would be produced.
51

Forward modeling of the SRSVF data was done on two transect lines where different
intrusive features are present. As previously discussed, there are distinct differences in the
magnetic anomalies going from south to north along the Dw . Initial interpretations suggest
that a thick sill feature is present in the southern region, and in the north section, a dike
is inferred to be present, with a conduit cropping out in the central section. Using lines 3
and 12 as representative transects of the south and north features, I investigated how this
lower bound affects the produced signal seen at the surface using the same forward model.
Since this procedure was done to ascertain depth constraints for the subsurface anomalies,
Cc was excluded since it is exposed at the surface. These model runs used the same input
parameters as the forward models to show the attenuation with depth, except the dike widths
and the upper and lower boundaries varied. Dike widths used for these models were 0.5 m
to 1.0 m. The upper boundary was altered based on representative inputs. Only depths of
20 m and 200 m were used for the lower boundary to compare how changes in width, depth,
and thickness affect the amplitude of the anomaly.

Figure 4.9: Line 12 forward modeling results – Dike width: 1 m, Top depth: 6 m, Bottom
depth: 20 m, Intensity of Magnetization: 1.5 A/m.

52

Figure 4.10: Line 12 forward modeling results – Dike width: 1 m, Top depth: 6 m, Bottom
depth: 200 m, Intensity of Magnetization: 1.5 A/m.

Figure 4.11: Line 12 forward modeling results – Dike width: 1 m, Top depth: 10 m, Bottom
depth: 20 m, Intensity of Magnetization: 1.5 A/m.
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Figure 4.12: Line 12 forward modeling results – Dike width: 1 m, : Top depth: 10 m, Bottom
depth: 200 m, Intensity of Magnetization: 1.5 A/m.

Figure 4.13: Line 12 forward modeling results – Dike width: 0.5 m, Top depth: 3.5 m,
Bottom depth: 20 m, Intensity of Magnetization: 1.5 A/m.
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Figure 4.14: Line 12 forward modeling results – Dike width: 0.5 m, Top depth: 3.5 m,
Bottom depth: 200 m, Intensity of Magnetization: 1.5 A/m.

Comparing the result of the 1 m and 0.5 m dike runs with the models of attenuation
with depth, differences concerning the affect of depth to the upper and lower surfaces are
consistent. The total difference in the amplitude of the 1 m dike used in the attenuation
models from 20 m to 200 m is ∼ 150 nT, a similar value is observed when comparing the
difference of depth from 20 m to 200 m in the 1 m dike with an upper surface of 6 m (Figures
4.9 and 4.10). The 1 m dike with an upper surface of 10 m and lower bound of 20 m is also
in agreement with the attenuation models. Results from these models show that the bottom
boundary does affect the overall signal of the anomaly seen at the surface. Most notably,
the waveform broadens as the depth to the top increases, and as seen in the attenuation
models, the amplitude increases with thickness, which is sensitive to the position of the
upper boundary, if the width is fixed. In other words, the magnitude of the anomaly seen at
the surface is a function of the thickness, width, and depth of the body, with the upper surface
playing the primary role in changes in amplitude. This is most apparent when comparing
the 1 m to the 0.5 m dike at 20 m (Figures 4.9 and 4.13) and 200 m depths (Figures 4.10 and
4.14). Looking at the 1 m dike, a discernible change in magnitude occurs as the thickness
of the dike changes (∼ 125 nT), whereas when the dike is modeled at 0.5 m, the change
55

in thickness does not produce as significant of a change in the amplitude of the anomaly,
showing an increase of ∼ 40 nT. These results imply that the anomaly amplitudes are less
sensitive to thickness than they are to proximity to the surface. Given the width range of
the dikes in the SRSVF (10 to 650 cm) (Delaney & Gartner, 1997), this suggests that the
upper surface of the dikes are located at relatively shallow depths.

4.3.3

FPS Sill Models
Modeling of Frying Pan Sill was also performed using the same magnetic parameters

as the attenuation model. However, for the sill, the body modeled was a laterally extensive
rectangular form. The shape modeled was considered to be flat, although, in reality, the
sill does dip slightly to the west. The upper boundary of the sill was at 2 m, and the lower
boundary was set to 17 m below the surface. The upper 2 m of the model were considered
to be the sandstone cap of the sill. This upper cap was not included in the model since the
sandstone has negligible remanent magnetization.
Modeling of a rectangular body 15 m thick, 1700 m wide with an upper bound of 2 m
depth shows a large amplitude magnetic anomaly at the surface. The modeled sill (Figure
4.15) shows a rapid dipole response near the western edge of the body, which wanes after
the western edge is passed. A plateau in amplitude at ∼ 500 nT is consistent across the
majority of the body until the eastern edge is reached, at which point, the dipole response
occurs again, but opposite to and inverse of the western edge.
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Figure 4.15: E-W model profile of the Frying Pan sill using approximated dimensions of sill
length and thickness using 1.5 A/m magnetic intensity. Sill width: 1700 m, Sill thickness:
15 m.

Figure 4.16: E-W profile of line 3 of the SRSVF magnetic survey data.
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Although modeling such a large feature is not appropriate for use in direct comparison
to my study area, the profile illustrates the effects of shape and thickness on the magnetic
anomaly produced. Due to the thickness and proximity to the surface, the FPS sill generated
a maximum positive amplitude of ∼ 3500 nT along the western edge, which also corresponds
to maximum negative amplitude seen at the eastern edge. This response is simply due to the
vertical sides imposed on the shape. Comparing the profile of the SRSVF sill transect (Figure
4.16) to the shape of the rectangular body (Figure 4.15), it is easy to identify, regardless of
the length, that the transect sill does not exhibit the same type of anomaly. The anomaly
found on line 3 has a much lower peak amplitude, does not have the same dipole response,
and also tapers towards the edges. These features suggest that the body which produces the
anomaly for line 3 also shares these qualities. Since the magnitude is not consistent with
that of the FPS, this suggests the body in the SRSVF is either not as thick or is situated at a
greater depth than the FPS, or a combination of the two factors. Furthermore, since obvious
edges are not seen in the line 3 anomaly, the edges probably taper in thickness similarly to
what is seen in the profile. Meaning, this intrusive body likely has a thicker section in the
center of the body and reduces in thickness as it nears the edges of the body, as is a common
occurrence in dome-like structures and other horizontal igneous intrusions.
Since the FPS did not adequately compare to the line 3 anomaly, attempts were made
to reproduce the body required to make the anomaly seen on line 3. Multiple rectangles were
stacked on top of each other to produce the body, with the widths being reduced laterally
upward. Since I used the signal matching technique to reproduce the line 3 anomaly, multiple
forward modeling attempts were performed, although, here, I only present the final result
of this procedure (Figure 4.17). The model space used went from -100 to 100 in the E-W
direction, -50 to 50 in the N-S direction, to a depth of 20 m, considering 0 E-W as the
observation point. Final dimensions of the shapes used are shown in Table 4.1.
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Table 4.1: Shape dimensions used in constructed line 3 anomaly.
Shape Hierarchy
Top
Middle 2
Middle 1
Bottom

E-W extent (m)
-5 to 7
18 to 25
-35 to 40
-100 to 100

N-S extent (m)
-50 to 50
-50 to 50
-50 to 50
-50 to 50

Depths (m)
9.75 to 13.5
13.5 to 17
17 to 18
18 to 19

Figure 4.17: Black line shows the profile generated by the constructed body using four
stacked rectangular shapes. Red line shows the E-W line 3 profile data.

4.3.4

Summary of Forward Modeling
I performed forward modeling in this study to ascertain depth constraints for use in

the inversions. Forward modeling results showed that, at the least, the upper boundary for
the intrusive structures is located at shallow depths (<20 m). Although an increase in depth
did prove to affect the intensities of the modeled anomalies, this increase is insufficient
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to produce anomalies with vastly different (orders of magnitude) outcomes. A maximum
difference from the 20 m model to the 200 m model is observed in the 1-meter dike scenario for
line 12, which showed an increase in the wavelength and an ∼ 125 nT increase in maximum
amplitude. However, using a shallow boundary seems correct for the anomaly in line 3.
Configuring the parameters of the inversion requires a trade-off between what is real in
contrast to how it can be represented. Modeling the full extent of the dike and conduit
would require the use of extreme depths. However, these depths would not be conducive to
modeling the line 3 anomaly. So, since all features seem to share a shallow upper surface,
I chose to settle on a value that would capture parts of all system elements using a shallow
lower boundary of 20 m.

4.4

Inversion Modeling

4.4.1

Program Description

Figure 4.18: Illustration showing prism construction used in MagCube-parallel from Rao
and Babu (1991).
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The geometries of the intrusive features found in the SRSVF were imaged using
MagCube-parallel, an open-source nonlinear inversion code that models complex geometry
with multiple (<= 1,000) vertical-sided prisms (Figure 4.18). MagCube-parallel utilizes the
analytical solution for a buried prism following Rao and Babu (1991) to produce a model with
a fixed lower surface, which is representative of the relatively horizontal bedding planes of the
host bedrock for which the dikes and sills would have interacted with. The model then allows
the depth of the upper prism surface to vary. The program compares forward solution results
to observed magnetic data for each iteration using the root mean squared error goodnessof-fit test until a local minima is obtained. Parameters are changed systematically during
the inversion, based on input parameters for rock and earth magnetic properties as well as
depth constraints until the error values are within <0.005 nT between iterations (George et
al., 2015).
Boundary conditions for prism construction are designated for each run; required
values include the minimum and maximum easting and northing values and the maximum
and minimum values for the top and bottom surface of the prisms. Parameterization of
the model also requires the inclination and declination of the magnetized body in question
and the inclination and declination of the Earth’s magnetic field. Furthermore, the model
needs a minimum and maximum value for the intensity of magnetization to be applied to the
modeled body. Lastly, prism dimensions must be provided. Since the prisms are essentially
elongated cubes, only one input variable is needed. This value is used as both the length
and width of the prism, since the height of the prism is the model solution.
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4.4.2

Data Processing

Table 4.2: DC offset and filtering information
Line
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Offset (nT)
200
185
180
155
160
156
210
200
114
145
124
150
138
145
237
138
224
102
186

Filtered
No
No
No
No
Yes
No
No
No
No
No
Yes
Yes
No
No
No
Yes
No
No
No

Filter Value
N/A
N/A
N/A
N/A
20 point average
N/A
N/A
N/A
N/A
N/A
6 point average
8 point average
N/A
N/A
N/A
12 point average
N/A
N/A
N/A

In total, 19 lines (lines 0-18) were modeled using the MagCube-parallel inversion
program. Unfiltered data was used for all modeled lines except lines 4, 10, 11, and 15.
These lines were processed through a moving-average box filter to reduce the oscillatory
noise present in these data. The resulting data were reduced, removing the overprinting
caused by interference during data collection. Detrending was also applied individually to
each line dataset to remove the DC (Table 4.2) offset to center the signal amplitude values
close to zero away from the identified anomalies.
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4.4.3

Inversion Parameters

Table 4.3: Input parameters used for inversions
Model Input
Earth Declination
Earth Inclination
Grid Spacing
Rock Declination
Rock Inclination
Minimum surface to top
Max surface to top
Minimum surface to bottom
Max surface to bottom
Min Rock Magnetic Intensity
Max Rock Magnetic Intensity

Value
9◦
64◦
8 m2
9◦
64◦
1m
1m
2m
20 m
0.5-2.5 A/m
0.5-2.5 A/m

Notes
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
fixed
Incremental change of 0.5 A/m
Incremental change of 0.5 A/m

Nonlinear inversions were performed on a subgroup of the terrestrial magnetic data
enclosing an area centered on the western NNE trending anomalies (red outline on Figure
4.19). Input parameters (Table 4.3) used in the inversions were chosen based on forward
modeling results. Forward modeling outcomes showed the intrusive features to be at shallow
depths (<20 m), so a depth range of 1-20 m was used for all inversions. The horizontal extent
of each inversion was based on the width of each anomaly; therefore, the easting boundary
conditions change for each modeled line. Considering this, the extent of the space modeled
would range from the minimum easting value used for line 1 (479552 E) to the maximum
easting value used for line 4 (480180 E). Boundary conditions in the north direction were
also specific to each modeled line. Although, unlike with easting values, northing values
were extrapolated from the transect line to cover a 100 m section. This 100 m region contains
multiple vertical-sided prisms. These sections do not overlap; instead, they border each other
at the midpoint between each modeled northing value. Each modeled transect follows this
same rationale. The thought is, since transect northings increase by 100 m going northward,
this method splits the difference of the spacing so that the model goes from 50 m below the
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transect to 50 m above the transect (Table 4.4). For example, line 0’s modeled northing was
4264200; the swath for prism construction associated with this northing ranges from 4264150
to 4264250. Since survey transects are most often not perfectly straight, when extracting
transects from the magnetic data, an error value of ± 2 m was used from the input northing
value. This value was kept small to ensure data far from the designated northing were not
used.

Figure 4.19: Red rectangle encompasses the subgroup of data used in the inversion models.
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Table 4.4: Line coordinates used for inversions (UTM zone 12)
Line
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Northi (m)
4264150
4264250
4264350
4264450
4264550
4264650
4264750
4264850
4264950
4265050
4265150
4265250
4265350
4265450
4265550
4265650
4265750
4265850
4265950

Northf (m)
4264250
4264350
4264450
4264550
4264650
4264750
4264850
4264950
4265050
4265150
4265250
4265350
4265450
4265550
4265650
4265750
4265850
4265950
4266050

Easti (m)
479560
479552
479620
479625
479560
479600
479553
479625
479625
479625
479625
479610
479650
479710
479800
479675
479553
479760
479780

Eastf (m)
479740
479761
479775
479765
480180
479650
479761
479780
479900
479910
479750
479815
479870
479790
479855
479825
479896
479860
479845

Width (m)
180
209
155
140
620
50
208
155
275
285
125
205
220
80
55
150
343
100
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Since MagCube offers the freedom of selecting the prism size to use in the model,
it needs to be done using discretion. Considering that the smaller the prisms used, the
higher resolution the features will be modeled at. The caveat to this is, smaller prisms
will intensify areas along the transect with higher magnitude magnetic signatures. In doing
so, other portions of the intrusive’s geometries may be completely lost. Conversely, using
larger prisms will generate profiles which are muted since more data along the transect
will be included in constructing them. This lumping of data essentially smooths the prism
profile, producing lower resolution results. In either case, the geometries will be altered and
could produce erroneous interpretations. Given this understanding, I chose to use a prism
value which I felt would capture both a general and detailed shape of the buried bodies.
Furthermore, since many of the anomalies in the study area were shown to be relatively
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narrow in width, I chose to use 8 m2 prisms, which I felt was a satisfactory comprise that
would allow for good resolution of the modeled prisms.
The vector of remnant magnetization for all prisms was kept constant for each transect
as shown with fixed values for the inclination, declination, and intensity of magnetization.
It’s important to note that the inclination and declination used in the model was the same for
both the Earth’s magnetic field and the rock magnetic field. Values used in the inversions
were based on current magnetic field values. This was done to simplify the model even
further. Although, considering the fact these fields change both spatially and temporally,
in reality the values used may not accurately reflect those of the anomalies. Because of
this, the results obtained in the inversions are subject to change and this assumption needs
considered when performing interpretations.

Figure 4.20: Natural remnant magnetization for various rock types. From (Hansen et al.,
2005).
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For all inversions performed, a minimum thickness of 1 m was assumed for all bodies.
This was done by setting the the top surface of the body at least 1 m below ground level
with a minimum bottom surface set at 2 m below the ground. The modeled anomalies were
also allowed to fill the entire vertical extent of the model bounds since the minimum top was
set 1 m and the maximum bottom depth was set at 20 m.
To reduce the complexity of the model even further, the only changing parameter
between each set of the 19-line inversions was the intensity of magnetization of the basaltic
intrusions. Since basalt can range from 0.1 to 10 A/m (Figure 4.20) (Hansen et al., 2005),
I chose to stay conservative and kept the magnetization values low. For the inversions
performed, the intensity of magnetization was varied from 0.5-2.5 A/m in increments of 0.5
A/m for each 19-line run. These magnetization values used are the same order as used by
George et al. (2015) for investigating magnetic anomalies in the Amargosa Valley region in
Nevada.

4.4.4

Inversion Results
A total of 95 inversions were performed to investigate the dimensional changes of

the anomalies and establish the geometric consistencies between each magnetic intensity
modeled. Profiles showing the magnetic anomaly with respect to the easting transect values
were generated to compare the observed data against the inversion results. Prism crosssections were also created along each transect northing where data collection took place to
visualize the projected prism surfaces that comprise the anomaly directly below the collection
points. These visualization tools as well as the output data in Table 4.5 were used to assess
the geometric changes and relative positioning of the anomalies.
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Table 4.5: Model results and maximum thicknesses for all lines (0-18) and all model runs
(0.5 A/m -2.5 A/m)

Line

MI (A/m)

DTTP (m)

PBD (m)

Tmax (m)

RMSE

0

0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5

5.92
6.96
7.55
7.88
8.07
11.19
11.57
13.68
14.24
14.72
8.95
12.52
11.37
12.42
13.22
6.28
9.09
10.19
10.02
11.21
4.90
5.65
5.76
6.05
5.87
11.15
13.98
14.56
15.18
14.57
7.25
6.18
3.71
3.95
3.32
1.09
1.26
1.39
2.43
3.64

9.13
8.88
8.96
9.03
8.93
17.37
16.40
17.53
16.99
17.86
19.79
19.95
16.42
18.06
17.05
20.0
19.98
19.49
14.81
15.98
6.55
6.48
6.36
6.50
6.26
17.61
16.92
17.33
16.92
15.90
13.50
7.88
4.95
4.87
4.42
15.95
13.98
13.37
11.80
9.46

3.21
1.92
1.41
1.15
0.86
6.18
4.83
3.85
2.75
3.14
10.84
7.43
5.05
5.64
3.83
13.72
10.89
9.3
4.79
4.77
1.65
0.83
0.60
0.45
0.39
6.46
2.94
2.77
1.74
1.33
6.25
1.70
1.24
0.92
1.10
14.86
12.72
11.98
9.37
5.82

16.1
16.2
16.5
16.2
16.1
11.3
10.7
11.1
10.2
11.2
48.8
48.3
48.1
49.5
48.2
29.2
29.9
29.5
30.3
30.2
6.1
6.1
6.1
6.0
6.0
8.2
8.2
7.7
8.3
8.3
20.1
19.9
20.9
22.6
23.8
117.9
90.5
85.9
84.3
83.8

1

2

3

4

5

6

7

∗

MI- magnetic intensity, DTTP- depth to tallest prism, PBD- prism bottom depth,
Tmax - maximum thickness
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Table 4.5: Model results and maximum thicknesses for all lines (0-18) and all model runs
(0.5 A/m -2.5 A/m) (Continued)
Line

MI (A/m)

DTTP (m)

PBD (m)

Tmax (m)

RMSE

8

0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5

2.01
3.01
4.06
4.17
4.85
4.87
5.47
6.44
6.43
5.71
11.73
12.19
14.33
15.17
15.37
5.53
6.59
6.52
6.59
6.33
5.95
6.38
7.15
7.13
7.36
3.07
2.07
1.74
1.86
1.93
5.86
6.73
8.37
7.30
3.91
3.02
3.69
4.83
4.14
5.89

4.52
4.00
4.87
4.82
5.39
6.03
6.03
6.84
6.80
6.04
19.81
17.13
19.63
18.51
17.83
6.82
7.14
6.93
6.96
6.57
9.48
8.47
9.21
8.31
8.66
3.76
3.36
2.99
3.04
2.74
13.47
12.55
14.55
12.72
6.37
3.81
4.64
5.62
4.75
6.45

2.51
0.99
0.81
0.65
0.54
1.16
0.56
0.40
0.37
0.33
8.08
4.94
5.30
3.34
2.46
1.29
0.55
0.41
0.37
0.24
3.53
2.09
2.06
1.18
1.30
0.69
1.29
1.25
1.18
0.81
7.61
5.82
6.18
5.42
2.46
0.79
0.95
0.79
0.61
0.56

30.1
30.0
30.3
30.4
30.9
20.1
19.9
20.4
20.4
20.4
24.3
21.8
24.5
23.2
23.7
9.5
9.3
9.4
9.8
9.4
22.1
22.1
21.7
22.5
22.0
15.7
16.6
16.3
15.9
15.9
10.8
11.0
11.1
11.3
14.8
12.3
12.8
15.4
13.1
15.7

9

10

11

12

13

14

15

∗

MI- magnetic intensity, DTTP- depth to tallest prism, PBD- prism bottom depth,
Tmax - maximum thickness
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Table 4.5: Model results and maximum thicknesses for all lines (0-18) and all model runs
(0.5 A/m -2.5 A/m) (Continued)
Line

MI (A/m)

DTTP (m)

PBD (m)

Tmax (m)

RMSE

16

0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5
0.5
1.0
1.5
2.0
2.5

3.70
5.20
5.48
6.11
7.04
5.21
5.54
5.47
5.66
5.89
3.53
3.58
2.46
2.97
2.35

5.93
6.76
6.81
7.27
8.09
6.78
6.41
6.12
6.61
6.86
4.89
4.35
3.23
3.57
2.93

2.23
1.56
1.33
1.16
1.05
1.57
0.87
0.65
0.95
0.97
1.36
0.77
0.77
0.60
0.58

18.6
18.5
18.5
18.7
19.1
32.3
32.6
33.0
32.9
33.0
53.0
52.9
52.8
52.9
53.1

17

18

∗

MI- magnetic intensity, DTTP- depth to tallest prism, PBD- prism bottom depth
coordinates, Tmax - maximum thickness

Inversion modeling results show multiple trends in both the heights and depths of
the modeled features, as well as their subsurface position with respect to each other. First,
the top and bottom surface boundaries of the modeled prisms were found to vary with
respect to the MI value used. In other words, with lower MI values, thicker geometries are
required to model the same magnetic data. It is shown (Table 4.5) that for prisms using 0.5
MI, prisms tend to extend further into the subsurface and rise closer to the surface. This
is predominantly seen in the outputs for the Ss section. However, a few of the anomalies
in the Nd section also share this pattern, notably lines 10, 12, and 14. In general, for all
lines, as the intensity of magnetization increases, the thickness values decrease. This trend
is not as apparent in the most of the Nd anomalies since many of these lines exhibit thin
bodies regardless of the MI used. Bodies modeled in the north, for the most part, are much
thinner and shallower than those found in the southern section. The MI also controls the
continuity of the anomalies in the prism profiles. Observations show that lower MI values
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generally produce more continuous anomalies. In other words, the anomalies appear to be
connected throughout the survey lines. As MI increases, discontinuities in the prism profiles
are more often seen. Essentially, using higher values for the intensity of magnetization splits
the anomalies into multiple sections, which could be inferred as multiple very narrow N-S
trending dikes, instead of one large connected dike section, or the presence of thin sills.

4.4.5

Anomaly Dimensional Ranges

Figure 4.21: Left plot shows anomaly profiles for lines 3, 7, and 12 from south (bottom) to
north (top), y-scale is in nT and the x-scale is in meters. The white lines in the right image
show the data subsets used for modeling lines 3, 7, and 12.

To characterize the westernmost dike feature, Dw found in the SRSVF, only three of
the 18 lines modeled will be discussed (Figure 4.21). These lines were selected to represent
the three distinct sections of the fissure. Since inversion results show that Ss is characterized
by deeper depths and thicker deposits across all ranges of MI values used, line 3 was chosen to
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represent this anomaly. This line, located at ∼ 479650 E, 4264500 N, runs directly through
the center of the anomaly. Line 7, at 479650E, 4264900N, was collected over a known surface
vent, Cc . In contrast to Ss , the Nd section of the study area is characterized by shallow, thin
deposits, with the exception of lines 10 and 14, which will be discussed later. To represent
this section, Line 12, located at 479650 E, 4265400 N was chosen since its thickness is more
consistent with the ranges of thicknesses seen in this section. Furthermore, since both lines
3 and 12 are fairly well isolated, they are likely unimpeded by magnetic influence from other
anomalies not being investigated in this study.
Assessment of the profile for line 3 (Figure 4.22) shows this anomaly to have a higher
amplitude positive value of just over 1000 nT. The prism profile reproduces this signal with
a discontinuous set of prisms using 0.5 A/m, whereas, 1.0 - 2.5 A/m show a connected body.
The thickest prisms modeled are located in the center of the anomaly, thickness values are
13.72 m at 0.5 A/m, 10.89 m at 1.0 A/m, 9.3 m at 1.5 A/m, 4.79 m at 2.0 A/m, and 4.77 m at
2.5 A/m. The total width of 40 m for this feature does not change with respect to the MI
value used. Notice, however, that there is a substantial decrease in thickness of these prisms
as the MI value is increased. Moving laterally from the center of the anomaly in both east
and west directions, the prism heights decrease. Moreover, the eastern flank of the anomaly
tapers of more rapidly than it does on the western flank.
The profile for Line 7 (Figure 4.23) shows a dipolar magnetic anomaly. The amplitude
of this signal ranges from ∼ −1100 nT to 1850 nT. This dipole nature is assumed to be caused
by very long body which is nearly vertical. Further reinforcing this thought, is the fact that
the shallow depths used in the model do not reproduce well the sharper anomaly changes
in the transect profile. This can be observed on the east flank of the profile where high
negatives amplitudes are poorly simulated by the program, which is likely a product of the
lower boundary (20 m) used.
This anomaly models closer to the surface than all other lines at 1.09 m at 0.5 A/m,
and contains the tallest prisms in study area. This anomaly is modeled as a continuous
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feature across all MI values. It should be mentioned, however, that a noticeable increase
in thickness is observed on the western flank of the anomaly when modeled with lower MI
values. With higher values, this region of the anomaly decreases significantly relative to the
change in thickness in the center of the anomaly. Again, the thickest prisms are seen in
the region with the highest positive amplitudes. Thickness values fluctuate more on line 7
than is observed on all other lines over all intensity of magnetization values used. However,
since this anomaly is the thickest seen across all lines and all MI values, larger fluctuations
in thickness are expected. Thickness values of the tallest prisms are 14.86 m at 0.5 A/m,
12.72 m at 1.0 A/m, 11.98 m at 1.5 A/m, 9.37 m at 2.0 A/m, and 5.82 m at 2.5 A/m. This
conduit feature appears to be ∼ 50 m wide, which remains constant over all inversions.
Moving northward to line 12 (Figure 4.24), one higher amplitude positive signal is
present, although this line also contains several other smaller amplitude positive features.
The amplitude of the main feature is ∼ 250 nT with the secondary features, which are predominantly found on the eastern flank, range from 5-50 nT. These features are shown to fairly
shallow, with the deepest prism residing at 9.48 m when modeled at 0.5 A/m, and decreases
in depth with increasing MI to 8.66 using 2.5 A/m. This feature models as discontinuous in
all runs except for the 0.5 A/m run. As the magnetic intensity was increased, the prisms
generated to reproduce the lower amplitude signals are reduced to nearly zero. At 2.5 A/m
only the main higher amplitude feature shows any significant thickness, which is still <1 m.
The higher positive amplitude feature, again, hosts the thickest prisms. Since this feature
models as a thin deposit across all MI values, thickness values vary less as compared to the
other two lines discussed. The tallest prisms for this feature are 3.53 m at 0.5 A/m, 2.09 m
at 1.0 A/m, 2.06 m at 1.5 A/m, 1.18 m at 2.0 A/m, and 1.30 m at 2.5 A/m. As seen with the
other sections, the maximum width of the primary anomaly stays consistent for all magnetic
intensities used, at ∼ 16 m.
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(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure 4.22: West to east profiles for Line 3 located at 4264500N, Top graphs- red dots
represent the observed magnetic anomaly. Blue lines are the modeled calculated data. Lower
graphs- shows the modeled prisms at depth with dimensions 8m X 8m X calculated height.
The prism profiles shown were generated using 0.5 - 2.5 (a-e) A/m magnetic intensity. All
other parameters were set as shown in Table 4.3.
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(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure 4.23: West to east profiles for Line 7 located at 4264900N, Top graphs- red dots
represent the observed magnetic anomaly. Blue lines are the modeled calculated data. Lower
graphs- shows the modeled prisms at depth with dimensions 8m X 8m X calculated height.
The prism profiles shown were generated using 0.5 - 2.5 (a-e) A/m magnetic intensity. All
other parameters were set as shown in Table 4.3.
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(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure 4.24: West to east profiles for Line 12 located at 4265400N, Top graphs- red dots
represent the observed magnetic anomaly. Blue lines are the modeled calculated data. Lower
graphs- shows the modeled prisms at depth with dimensions 8m X 8m X calculated height.
The prism profiles shown were generated using 0.5 - 2.5 (a-e) A/m magnetic intensity. All
other parameters were set as shown in Table 4.3.

76

Using the result obtained through inversion modeling, 3D models of the dike system
were generated. The first model (Figure 4.25) focused on the visualizing the lateral and
vertical extent of the Ss to investigate whether the T-junctions of this sill could be identified.
Three lines bisect the Ss anomaly, which are lines 1, 2, and 3. Looking at Table 4.5, maximum
thickness results for these lines, across all intensity of magnetization values used, range from
3.14 m to 13.72 m, with lower MI values producing the thickest prisms. These values are in
general agreement for those assessed by Richardson et al. (2015), where a mean thickness
range of ∼ 1 − 15 m was documented in the SRVF. Generally, across all values, tapering is
seen to occur from the center of the anomaly in all directions towards the edges. Ss not only
tapers to the edges, but also varies in thickness. Thickest regions identified are along lines
2 and 3 in the northern section of the anomaly, with line 3 crossing through the thickest
section, whereas line 1, in southern section, passes through a noticeably thinner portion of
Ss . Implying the sill tapers more rapidly towards to the south than it does in the north.
Staying conservative, to reproduce these these dimensions, higher MI thickness values were
used to produce a generalized view of the Ss anomaly. In this model, 5 m was used as the
maximum thickness of sill and was assumed across the center length of the sill, and the
lateral extent of the anomaly was captured using the map coordinates of the anomaly.
The Ss anomaly shows variation in thickness and lateral extent from the south to the
north. In the north, the sill remains relatively similar in shape and thickness across lines 2
and 3. However, along line 1, the dimensions for thickness and width are considerably smaller
than those seen on lines 2 and 3. These characteristics are seen both on the magnetic maps,
as well as in profile view. This variation was likely caused by differences in the rate of magma
injection at each end of the sill. In order to accommodate these injections, multiple dikes
would need to be present. As seen in Figure 4.25, one dike is is assumed to be responsible
for sill building in the north and center portions of Ss , where the thickest deposits are seen,
and another created the thinner, narrower sill portion in the southern section.
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Figure 4.25: Generalized 3-dimensional cartoon of the Ss anomaly. Image is to scale.

Following the same rationale used to create Figure 4.25, the entirety of Dw was
visualized. Figure 4.26 shows the extent of Dw and extrapolates the dike system to depth
based on current dike models (Kavanagh et al., 2006; Keating et al., 2008; Pioli et al., 2009).
The layers in the model represent varying lithology as seen in the SRSVF (Figure 2.2).
Interestingly, these lithological changes also control the behavior of magma ascent. In the
lowermost section (orange), a master dike is considered to exist. As magma ascends into
shallower depths, segmentation of the master dike may occur (yellow), producing all features
seen along Dw . The shallowest portions of the dike segments (grey), which are the anomalies
seen at the surface in the magnetic data, are those which stalled in the shallow subsurface.
The model shows, as supported by field evidence, that Cc is the only feature of Dw expressed
at the surface. Cc , as represented by the dark red cone with dashed black line, which is
implied as upward migration of magma beyond the stratigraphic level of the all dike tips.
Furthermore, the model illustrates how Cc was a controlling factor in the overall form of
Dw . Notice that the largest step-over in Dw occurs at the conduit. This is likely due to
the fact that much of the flow was directed into the dilating conduit. A small sill may also
have formed south of Cc during this time. When flow partitioning occurred in to the Cc ,
uneven flow rates along the length of Dw would have been experienced. This major change
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in flow dynamics along Dw would have promoted further development of Cc and halted the
development Ss and the propagation of Nd .

Figure 4.26: Generalized 3-dimensional cartoon of Dw showing the relationship between
Ss , Cc , and Nd . Light orange represents a primary connected feeder dike, yellow segments
illustrate the segmentation of the main feeder with ascent, grey represents the dike segments
identified in the survey, light red indicate sill features, dark red denotes conduit forming
magma, the black arrow indicates the primary flow direction. The light red circle represents
the surface vent. Image is to scale.
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Chapter 5
Discussion/Interpretation

5.1

Discussion
Much work has been done to characterize and describe the geometries of intrusive

bodies and feeder systems (Gudmundsson, 2002; Keating et al., 2008; Lister & Kerr, 1991;
Maccaferri et al., 2011; Pioli et al., 2009; Rubin, 1995; Valentine & Krogh, 2006; Vergniolle
& Jaupart, 1986; L. Wilson et al., 1981). This work has often been accomplished through the
examination of eroded systems as seen in the SRSVF. Although the SRSVF provides great
exposures that allow for the exploration of the numerous sills, dikes, buds, and conduits
found within it, the SRSVF explored in this investigation does not exhibit this same characteristic. In SRSVF, the majority of the feeder system is buried. To identify the plumbing
characteristics and, most importantly, the t-junctions in this area, a magnetic survey was
performed to illuminate these buried features and their respective geometric properties. Pioli et al. (2009) suggest these features are integral to the development of lateral channels,
and this author feels, a similar mechanism at depth could produce fissure eruptions. My
investigation aimed to test whether these features could be identified utilizing the magnetic
survey data and show that these characteristics aided in the development of the fissure-like
buried Dw system found in the SRSVF. The ability to identify these details could shed light
on the evolution of the buried structures found here.
Although the study’s primary purpose was to resolve the geometries of this area’s
intrusives comprehensively, the findings presented are inconclusive regarding the exact ge80

ometries of the T-junctions within the system. Since this study relied principally on geophysical methods (magnetics) to infer the attributes of the buried anomalies, data processing,
model parameterization and design, as well as insufficient data density, hindered resolving
the 3D geometries of these structures. Although the T-junctions could not be recognized
in three-dimensional detail, this examination does provide valuable insight into the overall
architecture of the volcanic plumbing and how T-junctions helped in shaping it.

5.1.1

Magnetic Data
In geophysical studies, performing data processing is almost always necessary because

noisy data can obstruct the visual analysis of profiles and greatly influence inversion results.
Since this step is crucial for performing these activities with confidence, it is vital to document
all alterations made to the dataset. In this investigation, multiple processing steps were done
to reduce or eliminate data that would interfere with producing intelligible outcomes.
Errors in the data were realized early in the study and were rectified before producing
the preliminary magnetic map and anomaly profiles. Data first eliminated were those which
showed very noisy returns, including one complete transect along 4265775 N, across the
entire E-W extent of the survey area, with another portion being removed from 4264600 N
between 480250 E and 480500 E.
Although these data sub-sets showed the most interference and were unable to be
used, four other transects required varying degrees of filtering to be used in the inversions
(Table 4.1), which were lines 4, 10, 11, and 15. A box filter was employed to reduce the
oscillatory noise in the signal of each transect. The box filter averaged the designated
number of points (Figure 4.2) and generated a new dataset based on these average values.
This process did reduce the data used to model these lines. Inspection of the filtered profiles
was performed manually until a desirable outcome was reached. Meaning, filtering, and
inspections were performed numerous times to ensure the overall characteristics (magnitudes
and wavelengths) of the profiles were not greatly altered. It should be noted this process
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does affect the validity of the inversion results obtained from these lines. Furthermore, the
data from line 4 was considered to be most affected by the filtering due to extreme noise,
leading to low confidence when interpreting the inversions results for it.
Two procedures were performed to reduce the data to be relative to 0 nT. First, a
regional trend was removed by subtracting the mean value of the entire dataset from each
point. This reduced the magnitude values of all data points relative to each other. The
second, and last data processing step applied to the dataset, was a DC offset (Table 4.2).
These shifts were applied to reduce the transect data to be relative to zero, far from the
anomaly. This procedure was done by taking the endpoint average of each transect and
subtracting it from the total transect data. This last step was done individually for each
data sub-set used since variations in the magnitude were different for each line. This final
processing step did not, however, produce the desired outcome for each line modeled. Note
that line 14 (see Appendix A) does deviate from this result. The most western limb of the
anomaly is centered on zero, and the eastern limb was ∼ −150 nT less than zero. This is
assumed to be from magnetic interference from other intrusive bodies in the field that were
not included in this study. The DC offset procedure produced satisfactory results for all
other lines.
Another significant factor that can influence model results is data inclusion. Performing the inversions required sub-sets of data from each transect, which were manually selected
based on the width of the anomalies present. However, this process needs to be performed
with high scrutiny. Since including data beyond the anomaly wavelength will increase the
width of the anomaly, it will also increase the modeled width and the distribution of the
prisms across the anomaly. As discussed previously, this distribution is a product of the
signal produced by the anomaly and, if this wavelength is increased, model outcomes will
also be affected. So, including additional length, will produce an overestimation of the total
anomaly width and underestimate the thickness of the anomaly.
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Using geophysical models relies on the quality and quantity of data available. In
general, the more data you have, the better the resolution of the models’ outcome will
be. Here in the SRSVF, 19 transects taken in the E-W direction were utilized from the
magnetic survey. The total survey area covered roughly a 1900 m × 1200 m area, although
only a portion (∼ 1900 m × 680 m) of this area was investigated through modeling in this
study. As seen in Figure 3.3, the transects used were collected using ∼ 100 m spacing. Data
collection across these transect was continuous, producing very high resolution along the
transects. However, although data density is robust along these lines, no data is available
across the 100 m gaps between each line. Since these sections were interpolated during both
the creation of the magnetic map and the inversions, lateral changes between transects are
not well constrained. Even though this amount of data allows for the visualization of the
general shapes and extents of the intrusions, it does not provide high-resolution outcomes
that could reveal a complete picture of the lateral variations present throughout this dike and
sill complex. So, even though there is much data along the transects, performing additional
survey lines to reduce this spacing would eliminate the disparity in data across the survey
area, providing sufficient information to better resolve these anomalies and the magmatic
plumbing system that creates them. However, the magnetic map created from this initial
dataset is useful for individuating critical areas where higher data density would significantly
improve the interpretation of these features. Critical areas would be considered those which
could reinforce connectivity of the system. For instance, increasing the data around the Cc
could help in establishing or disproving a connection between the Cc and the Ss via the dike
segment west of Cc . Furthermore, increased data density in this section could also help better
model the suspected sill south of Cc and aid in determining the presence of a T-junction.
5.1.2

Model Geometry and Parameterization
The model parameters used in this investigation assumed that the features of this

system were located at relatively shallow depths. This presumption was supported through
83

Figure 5.1: Three-dimensional plot of prism profiles located along data collection transects.
The depth to the top and bottom of each prism and the relative position of the modeled
bodies are shown. Prisms are plotted using data from the 1.0 A/m magnet intensity run.

forward modeling using a vertical-sided polygon model. Following these findings, the model
parameters for depth were set from 1.0 m below ground level as a minimum depth to 20 m as
the maximum depth of the anomalies, and all deposits had to be at least 1 m thick. Although
these boundary conditions may be suitable for shallow, reasonably horizontal intrusions, such
as sills, they do not constrain those features that rise from much greater depths, like the Cc
and the Nd . Where these types of intrusives have been shown to often be generated from
much deeper in the subsurface, > 100 m (Delaney & Gartner, 1997; Keating et al., 2008;
Pioli et al., 2009).
Since much of the thickness of the dike and conduit are beyond the model boundaries;
the model attempted to resolve the anomaly by producing sill-like features which show
latitudinal thickness transitions that can be observed in Figure 5.1. In other words, since the
boundary conditions limited the height of the prisms, the anomaly magnitude was reproduced
by distributing prisms along the width of the anomaly. Due to the additive property of
potential fields, the sum of the prisms reproduced the magnetic anomaly well. Although,
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in reality, these features were most likely produced by a narrow deeper body that widens
with depth (Figure 5.2) and has a shallow upper surface. This geometry for dikes has been
observed in both field and analog studies (Delaney & Gartner, 1997; Kavanagh et al., 2018;
Keating et al., 2008). In contrast, the wide thin prism profiles generated here often contain
only a few thicker prisms found predominantly near the peak amplitudes of the anomalies.

Figure 5.2: Simplified diagram of a pressure driven fluid-filled crack propagating through an
elastic solid, showing increasing width with depth. Based on (Rubin, 1995), from (Kavanagh
et al., 2006).

All prism profiles in the north section exhibit this same latitudinal trend, except for
lines 8, 9, 10, and 14. Line 8 seems to originate at shallow depths and could be considered
a small sill stemming from the main conduit. Another possibility, is that this feature is a
thin edge section of a flaring vent, as these features have been shown to widen as they reach
the surface due to unsteady-state flow and brecciation (Keating et al., 2008; Mitchell, 2005;
L. Wilson et al., 1989). Line 9 shows modest thickness (1-2 m) at shallow depths (4-6 m).
This same feature could also model as a tall, thin body at much deeper depths. Lines 10
and 14 are an example of this rationale; these lines have comparatively narrower modeled
transects and show an increase in depth (∼10 m) and thickness relative to all other lines in
the northern section.
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At 1.0 A/m, the prism profiles in the northern section show discontinuous bodies.
These widths are considered overestimated since observed dikes widths in the SRSVF have
been shown to range up to ∼ 6 m (Delaney & Gartner, 1997; Diez et al., 2009; Kiyosugi et
al., 2012; Richardson et al., 2015). Considering this feature is visually more representative
of a dike and not a sill, as the model shows, these discontinuities in the prism profiles are
more than likely a product of the program’s inability to model tall, thin bodies. This issue
is likely due to the geometry used in the current version of the program and the depth and
width constraints imposed on the model.
Another problem relating to the model’s parameterization involves the dimensionality
of the shape used to model the anomalies (Figure 4.18). The version of MagCube-parallel
used for the inversions currently utilizes multiple vertical side prisms. Prism dimensions used
were 8 m × 8 m, where the program calculated the height (thickness). These dimensions
were chosen to reduce smoothing of the anomalies too much and increase the model’s resolution without introducing artificial geometry. Another fact that needed considered was the
program’s inability to model more than 1000 prisms. Selecting this prism size was considered
a fair compromise between quantity and resolution. Although the dimensions of the prisms
allowed for modeling of the entire transect data and provided valuable information about
the lateral extent of the intrusives found in the SRSVF, the shape and dimensions did not
prove to be adequate for accurately resolving the thickness of the anomalies found here.
When comparing the prism profiles for the Ss against the Nd section, it’s evident
that these dimensions are more suitable for modeling sills, which can span 100’s of meters
to kilometers in width (Galland et al., 2018) and can vary in thickness over these distances.
As mentioned in discussing the boundary conditions for the depth, dikes, on the other hand,
are generally much narrower, between ∼ 2 − 7 m, (Diez et al., 2009; Gudmundsson, 2002;
Pioli et al., 2009; Richardson et al., 2015; Tentler & Temperley, 2007; L. Wilson et al., 1981)
and extend and widen vertically rather than thin horizontally. So, even though the model

86

trade-off between magnetization and geometry does not affect the modeling of the lateral
extent of bodies, it does influence the estimated thickness of the bodies present.

5.2
5.2.1

Interpretation
Southern Section
The results of the study show a ∼ 3 − 14 m thick, ∼ 50 m wide sill at ∼ 9 − 20 m deep

south of, and in strike with, the Cc . The southern profiles that contain this anomaly tapers
both northward and southward and towards the profile flanks (lines 1-3). A nearby mapped
fissure in the SRSVF shows the same types of structures (Diez et al., 2009). Furthermore,
the thicknesses obtained from inversion results are consistent with other studies from the
area as well, as they have shown the thicknesses of sills in the SRSVF are generally <30 m
(Delaney & Gartner, 1997; Kiyosugi et al., 2012; Williams, 1983; Germa et al., 2020). Given
that the profiles for this intrusive body show latitudinal and longitudinal tapering of the
buried feature, this geometry is reminiscent of a laccolith.
These features are similar to sills, as their basal contact is strata-concordant and
usually flat (Galland et al., 2018). This feature could represent multiple stacked intrusive
sheets as seen in the Trachyte Mesa (TM) in Utah, where it has been shown that the
northeast section of this laccolith is comprised of 1-3 stacked sheet-like sills from multiple
intrusion events and is a modest 5-10 m thick. This multi-step emplacement history agrees
with the intrusion fabrics and deformation of the overlying Entrada Sandstone from studies
performed by Morgan (2018); P. I. Wilson et al. (2016) and with the 3D visualization of Dw
presented in Figure 4.26, where multiple dikes are assumed to have created the Ss anomaly.
Another possible causation for where this intrusion is located is the creation of the
Rayleigh-Taylor instabilities. Since a definitive time frame for the generation of this feature
is unknown, it is conceivable the sill could have developed over the entire period that the
volcanic system was active. Suppose the building of the sill occurred throughout the whole
duration. In that case, density differences between the magma body and the host sandstone
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(200–400 kg m–3 ) and changes in eruption dynamics could have allowed for the generation of
gravitational instabilities (Diez et al., 2009). Furthermore, Diez et al. (2009) suggests that
fluidization or liquefaction of the host sandstone could lead to reduced yield strength of the
wall rock, promoting bulk ascent of the magma through diapirism through the shallow crust.
Meaning Ss could have stalled lower in the stratigraphic section, and over time, the sill rose
en mass until finally freezing at its current location.
Regardless, both of these scenarios would require multiple pulses of magma injection
through T-junctions. For sill intrusions to be stacked, there would have to be ample enough
time for the previous sill intrusion to cool and allow for the emplacement of the overlaying,
newer intrusions. For the diapiric ascent to occur, these same pulses would be needed to keep
the rising body from freezing in situ. These pulses also serve as the mechanism to introduce
hotter material needed to thermally soften the roof rock to permit further upward migration
(Cruden & Weinberg, 2018).

5.2.2

Central Conduit
A volcanic neck (conduit), or ”plug-like” body, Cc , is present in the south-central

section of the study area and is shown to be roughly vertical with a width of ∼ 36 − 50 m
(line 7). This width is consistent with other findings from the SRSVF, where the width of
most conduits is <40 m, and the largest mapped is ∼ 100 m in diameter (Kiyosugi et al.,
2012). This central conduit models to nearly 15 m in thickness, with a top prism nearing the
upper prism boundary of 1 m and extending to a maximum of depth of ∼ 16 m. This upper
depth is underestimated due to the depth boundaries implemented in the model. In reality,
field observations show this vent is physically seen at the surface in the SRSVF (Diez et
al., 2009; Kiyosugi et al., 2012; Richardson et al., 2015). Also, the bottom boundary should
be considered underestimated since conduits are considered to originate from much greater
depths (Delaney & Gartner, 1997; Keating et al., 2008). Another observation to note about
the model outcomes for this conduit is, since the model bounds only allow for prisms to be
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generated to a maximum of 20 m, and flaring has been seen to occur gradually in the upper
50 m of the conduit (Keating et al., 2008), these results are possibly only reflecting the flared,
most upper portion of the conduit and not the conduit width at depth.
The surface expression of this conduit is relatively circular, although observing the
magnetic map shows that the true shape is elongated N–S along strike, which may reflect
flaring of the conduit as it approaches the surface. Widening of conduits in the shallow
subsurface as basaltic volcanic eruptions progress has been identified through numerous
studies. Such widening is most intense near the surface and can produce a flaring vent shape
that plays a key role in eruptive dynamics (Keating et al., 2008; Mitchell, 2005; L. Wilson
et al., 1981). This widening could have also played a role in creating the small sill adjacent
to south of Cc that is bisected by lines 5, 6, with line 6 being more representative of the
geometries of this feature. The sill, which models at ∼ 16 − 42 m wide and ∼ 1 − 6.5 m
thick, tapers similarly to the Ss described above. Since conduit widening is thought to
be determined by the competition between country-rock erosion and the aggregation of
fragmental material onto conduit walls, with the latter becoming predominant in the waning
phases of the eruption (Burchardt et al., 2018), I consider here that the possible mechanism
for the creation of this sill involves the near-surface escape of magmatic gas in the zone
of effect through a combination of connected vesicles and fractures, or through brecciated
country rock at conduit margins (Keating et al., 2008; Schauroth et al., 2016). The presence
of this sill could have helped in modulating eruption dynamics as suggested by Pioli et al.
(2009); Richardson et al. (2015), through volatile segregation into this horizontal branch.

5.2.3

Northern Section
The northern dike section varies dramatically from profile to profile for reasons dis-

cussed in the ”Model Geometry and Parameterization” section. However, initial analysis of
the prism profiles and output data show that for the deepest prisms modeled (line 10), the
top surface is ∼ 12 m deep, with a bottom surface close to 17 m, providing ∼ 5 m in thickness
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just north of the . North of the Cc , a shallowing trend occurs for lines 11-13 and again for
lines 15-18. These lines show some of the shallowest and thinnest anomalies ranging from
∼ 0.5 − 2.0 m in thickness at sim2.0 − 7.0 m depths. The widths of the anomalies are consistent across all northern lines at 8-48 m; however, thicknesses vary from 1-6 m. This section
is ∼ 900 m long and is segmented along strike.
Many noticeable features inherent to dikes further reinforce the assumption this extension of these intrusives is a dike rather than a shallow sill. As seen in other features
of the SRSVF, this section is arranged en echelon with north-south elongation and is oriented north-northeast. This behavior is concordant to observations reported by Delaney &
Gartner (1997) concerning other dikes documented in the central part of the SRVF. Since
this section shows semblance to those observed elsewhere in the area, it could be assumed
this feature also follows the predominant joint set in host sandstone and shallow marine
sequences (Delaney & Gartner, 1997; Kiyosugi et al., 2012).
Right-stepping colinear jointing is also seen in this feature starting ∼ 4265100 N
(line 9) spanning to 4265600N (line 14). This type of behavior occurs by dike segments
which propagate preferentially toward one another on the same rectilinear line, or with a
very narrow offset, and generally coalesce to form wider segments (Re et al., 2015). These
features are the product of a rotation of the regional stress field around an axis parallel to
the direction of propagation (Figure 5.3) (Hoek, 1991).
Segments lengths are reminiscent of the transect spacing since this spacing was interpolated when producing the magnetic map. However, in the southern region of Nd , these
segments are seen to be continuous with offsets, whereas, in the most northern section, Nd
shows distinct separations, which produce a few isolated segments. From south to north,
segment lengths decrease in size and intensity, suggesting these anomalies are either deeper
in the subsurface or are considerably narrower than the southern segments. The most southern segment is ∼ 400 m long, which exhibits consistent widths throughout its length, except
along line 11 (4265300 N), where a noticeable increase in width is observed. North of this,
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Figure 5.3: A tensile parent dyke segment breaks down into en echelon tensile segments as
the regional stress field rotates in the direction of propagation. From (Hoek, 1991).

a much shorter segment occurs that is ∼ 100 m long, but shows an increase in width to
∼ 48 m. The last segment observed, between 4265800 (line 16) and 4266000 (line 18), is
slightly longer than the second segment, having a length of ∼ 150 m. this segment reverts
to widths similar to those seen in the first segment but having lower anomaly magnitudes.
Buds are also inferred to exist in the Nd section. These characteristics mark zones
of distinct changes in the tabular dike morphology and are commonly ellipsoidal in plan
view (Re et al., 2015). Buds are shown as offset areas with increasing thickness moving
northward along strike akin to those seen in Figure 5.4. Since all transect lines exhibit steps
or offsets as they cross the anomaly, this indicates the possible presence of a bud at these
positions along the dike. However, given that the lines were collected 100 m apart, effects
from the data density may be producing buds where they do not exist. Even where buds
are inferred to be present along the dike, their positions are likely a byproduct of the data
density. Regardless, there are a few segments that may show the possible existence of buds.
These sections are located at, or near, 4265300 N (line 11) and 4265600 N (line 14). These
areas show notable increases in the width of the dike. Along line 11, a bud appears to be
present on the eastern edge of the dike segment. Conversely, the bud in the western portion
of this line could be an artifact from influence by another magnetic anomaly further west
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Figure 5.4: Idealized dike with buds. From (Delaney & Pollard, 1981).

that was not included in this study. This anomaly is located at ∼ 479550 E, 4265350 N.
The inferred buds located on line 14 exhibit the characteristic ellipsoidal shape on both the
eastern and western edges of the dike. All these buds are present on both the magnetic map,
as well as the prism profiles. Buds on lines 11 and 14 produce possible sills which propagate
eastward and westward. Where these sills have developed, T-junctions are thought to exist.
In these areas, the T-junctions promoted the lateral migration of magma from the buds of
Nd . These features are the thickest modeled in the northern section of the dike, giving values
of 4 meters thick at 1.0 A/m MI.
Given the features observed within Nd , I feel the mechanisms behind the formation of
the dike present in the SRSVF favors more common models which invoke the level of neutral
buoyancy or dike-induced stress rotations as determining factors of dike versus sill formation;
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in contrast, to those produced by highly localized preexisting structures, like faults, as seen
in areas like Paiute Ridge, NV (Valentine & Krogh, 2006).

5.2.4

Evolution of the Western Dike System

Figure 5.5: 3D visualization of the Dw system identifying the different sections that are
considered to have been created during the evolution of the SRSVF relative to the RTP
magnetic map.

In order to characterize the evolution of this dike system, the 3-dimensional geometries
needed to be ascertained. Only when knowing the lateral extent, thicknesses, and depths
of these features could relationships concerning the connectivity and relative positioning of
the anomalies be described. The development of this dike system appears to be a product
of changes in lithology attributes, flow rate, depth, and the local stress regime. The threedimensional cartoon introduced in the previous chapter is elaborated on to describe the
evolution of the the Dw system in SRSVF.
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Here, the development of this system is divided into four stages (Figure 5.6, A-D).
These divisions were controlled by, primarily, pre-existing structures within the different formations that the magma ascended through. These variations in lithology and rock properties,
along with changes in the flow rate, ultimately, controlled the local stress fields, leading to
rotation of the principle stresses at specific times times during magma ascent.

Figure 5.6: 3D image showing the sequence of events responsible for the development and
evolution of the Dw system. A) Initial dike ascent through the Navajo sandstone of the
Glen Canyon Group, B) Dike segmentation through the Carmel formation, C) Continued
propagation into the Entrada formation, D) Preferential flow into Cc .

Initially, in Stage 1, the magma ascended through the deeper, more competent Navajo
sandstone as continuous form. This assumption is made due to fact the rate of ascent
of this dike is controlled by the ability to fracture and dilate the rock. In other words,
σv = σo + σ3 + σd . If this equation holds true, the ascent rate of the dike tip is relatively
uniform along the length of the dike during ascent through the Navajo sandstone. This dike
is considered to be the master dike which feeds the entire Dw system.
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As the master dike propagates into the Carmel formation, Stage 2 begins. Since the
Carmel formation is much less competent and contains fractures and joint-sets, the direction
of propagation changes. When the ascending magma encounters these joints or fractures,
it will preferentially flow into them if they roughly parallel the trend of the dike, rather
than continuing a pure vertical ascent, which would require breaking of the host Carmel
sandstone. In other words, less force is required to follow the joints since the force required
to open the rock is essentially reduced to zero when joint-sets are encountered (σ0 = 0).
The orientation of the observed dike segments are a direct reflection of the geometry of the
joint-sets themselves. As this occurs, the dike experiences changes in ascent rate across the
length of the dike. Since the orientations and initial apertures of the of the joints are not
uniform, different segments of the dike undergo an increase or decrease in the rate of magma
ascent.
Next, in Stage 3, magma ascent continues to shallow further into the Entrada formation. The Entrada formation is more competent that the sandstone of the Carmel formation,
however, the sandstone of the Entrada formation contains more jointing. Some of the joints
present may be directly carried over from the Carmel formation, however, others may change
orientation or cease at the unit contact. Regardless, as seen in Stage 2, these joints will affect
the ascent rate of the dike segments differently. Again, the ascent rate of the dike will be
nonuniform along the length of the dike, varying from segment to segment depending on
how easily the joint is dilated by the ascending magma. As magma ascent continues through
the Entrada formation, a point is reached where σ1 and σ3 flip. This stress rotation possibly
happens around the same time in both the sill south of Cc and in Ss since model results for
lines 3, 5, and 6 show similar depths. This region could be associated with a easily activated
parting. Rotation of the principle stresses during this time was possibly due to σ1 decreasing
as function of depth. Another possibility for this stress rotation to occur is the presence
of pre-existing bedding planes in Entrada sandstone, these partings would reduce the total
stress needed to produce a sill and would result in the arrest of the ascending dike. Moreover,
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it is highly likely, that both scenarios were working in tandem during the development of
Dw .
Lastly, flow was preferentially directed into the largest step-over of the dike during
Stage 4, creating the Cc . As this happened, flow was diverted from the other ascending
dike segments, inhibiting their upward migration and promoting their eventual arrest. From
the current geometry, it is not possible to established when the formation of the Ss and the
Cc occurred. Here, I assume the events which created these features were fairly coincident.
Regardless, Cc transformed into the singular active dike section, allowing for the upward
migration of magma to surface, likely creating a surface vent. If a vent did form, magma
could move through conduit for days to weeks. This length of time would be necessary to
account for the (∼ 50 m) conduit in the magnetic model which agrees well with the vent
exposure seen in the field on the current surface.
The evolution proposed here is based on regional observations from surface exposures, lithologic and stratigraphic characteristics of the host rocks found in the SRSVF,
and takes into account for current models of dike propagation and the inversion model outcomes obtained in this study. However, since there are instances where the dikes have shown
to propagate laterally rather than vertically in other areas of the San Rafael region, and
given the fact that substantial time passed between major magma pulses experienced by the
SRSVF (Delaney & Gartner, 1997), it is conceivable that other modes of creation for the
Dw system in the SRSVF could have occurred.
5.2.5

T-Junctions
Although the physical identification of T-junctions was not obtainable, the magnetic

data suggest at they are present in the Dw section of the SRSVF. In the SRSVF two orientations of T-junctions are implied to be present. The T-junction orientation suggested by
Pioli et al. (2009) (Figure 5.7 - B), where the vertical branch pertains to a conduit and the
horizontal branch is a sill, is assumed to be present on the south side of Cc . Although this
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sill is relatively small, at least as compared to the Ss further south, it may have influenced
volatile segregation during ascent due to its shallow depth and proximity to Cc . However,
this T-junction is not well resolved with the current resolution of the magnetic data.

Figure 5.7: Image shows the two T-junction orientations seen in SRSVF. A) T-junction for
Ss , and B) T-junction for Cc .

The second orientation considered to exist in the SRSVF is seen in Figure 5.7 - A.
Similarly to the T-junction suggested by Pioli et al. (2009), the lateral branch is responsible
for sill creation. However, the difference is that the vertical branch approaches from below
and is essentially capped by the horizontal branch. In other words, instead of having a
branch of the T-junction that propagates upwards towards the surface, this orientation
promotes the lateral spreading of magma along surfaces of inherent weaknesses. Therefore,
this orientation is more helpful in characterizing the development of the Ss . In the Ss , two
dikes are considered to be present. Each of these dikes would have formed a T-junction,
subsequently producing lateral branches which developed along a parting to allow for the
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generation of this feature. Also, considering this orientation, the 3-dimensional configuration
of the T-junction needs to be taken into account. Since Ss has an area, the T-junction does
not simply divert the flow into the east and west directions but instead spreads the magma
outwards radially. Both scenarios still require the rotation of principle stresses, with σ3 being
vertical. Although the locations and exact position of the T-junctions in the Ss is not visible,
their presence is believable since this feature is so well-resolved by the magnetic map and
model outcomes.

5.2.6

Modeling Results

Figure 5.8: Smoothed conceptual model of the normally polarized fissure system, Dw , of
the SRSVF showing in-strike en echelon right-stepping offset dike segments, one dome-like
structure, Ss , one conduit, Cc , and a small, thin sill adjacent to the south of Cc . A master
feeder dike is inferred to exist below all features. Speckled appearance denotes subsurface
features.
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In assessing the model outputs across all magnetic intensities used, a common trend
was observed; the data shows, as the intensity of magnetization increases, the depth to the
anomaly also increases, and the anomaly thickness decreases. Since this trend occurs, using
0.5 A/m produces the thickest anomalies, with shallowest upper surfaces and deepest lower
surfaces. Conversely, at 2.5 A/m, anomalies are shown at moderate depths for both the
upper and lower prism surfaces and present the smallest thicknesses.
Detailed mapping and profiles done with a Cs-vapor magnetometer reveal far more
complex anomalies than can be attributed to simple planar dikes, including sills, buds, and
domes (Figure 5.8). Using MagCube-parallel, inversion modeling revealed one normally
polarized fissure system, which includes along strike: an ∼ 4 − 14 m thick, ∼ 40 m wide
dome-like sill feature at ∼ 6 − 20 m, depth, a roughly vertical flared conduit ∼ 50 m wide
with an adjacent sill to south measuring ∼ 16 − 42 m wide and ∼ 1 − 6.5 m thick, and a
∼ 8 − 48 m wide dike at ∼ 2 − 17 m depth. While model depth and thickness vary with
magnetization contrast, the main geometric relationships do not. Multiple locations were
also identified showing the existence of two different orientations of T-junctions. Although
both types could not be physically modeled, their presence is certainty plausible. Findings
from this magnetic data suggest the evolution of the SRSVF was complicated. As this system
developed, changes rock properties coupled with the introduction of planes of weakness, led to
the development of the all the features present along Dw , and, given these findings, the same
could be assumed for similar features identified in the De and Dm sections. Furthermore, if
this logic holds true, many more T-junctions are present throughout the SRSVF.

5.3

Recommendations for Future Work
Even in SRSVF, where a lot of rock is exposed by erosion, it is clear from this survey

that in the SRSVF most of the plumbing system is unexposed. Because of this, the implementation of geophysical methods is required to illuminate the subsurface features found
here. This attempt to characterize the geometries of the SRSVF and uncover mechanisms
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(T-junctions) of its evolution was fairly successful. However, obstructions caused by model
design, parameterization, and inadequate data density did hamper the study.
Although magnetics does a great job of constraining the lateral extent of these bodies
in the subsurface, it has been shown that depths and widths of the features calculated using
MagCube-parallel are questionable. This issue is primarily an effect caused by the vector
of magnetization of the body, the shape used in the current program configuration, and the
prism dimension applied.
First, the vector of magnetization of the body can affect the lateral dimensions of
the bodies described here. Simplification of these parameters was done due to the lack of
information regarding the intrusive rocks of the SRSVF. In reducing the complexity of the
model inputs, by using the present-day magnetic inclination and declination for the anomalies
found, the model could be either under-or over-estimating the width of these features. This
deficiency is surmountable through fieldwork involving sample acquisition, with later analysis
of the magnetic fabrics of the intrusives found in the SRSVF. These activities, however, are
easier said than done, since much of the system is buried. To fully sample the associated
dike sections in the study area, careful drilling of multiple coreholes would need performed.
Next, although the current program setup, which employs vertical-sided prisms, does
well in modeling the sill features found in the SRSVF. As evident in the reasonable depths
and thicknesses obtained for the modeled sills. However, the flat lower surface utilized by
the program restricts making inferences about the lower boundary of the modeled anomalies.
Although sills are often concordant with the stratigraphy that they propagate along, this
assumption may not always be true. Furthermore, if the shape of the lower boundary could
be assessed, locating the feeder they originate from may become detectable.
The most significant issue pertaining to the shape used in this model applies to the
central conduit and the northern dike. Due to the fact these features originate from depths
far beyond the lower boundary used in the model, the program did not model the vertical
extent of these features with confidence. To better model these features, alterations to
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the geometry utilized in the forward model of the program needs done. These alternative
geometries need to be more conducive to modeling the geologically realistic attributes of the
vertically ascending bodies (dikes) rather than horizontal ones (sills).
For the conduit, forward solutions based on stacks of thin, horizontal lamellae could
allow for building of the vertical extent of the conduit given appropriate width and depth
constraints. This method is similar to the disk method used in calculus to compute a cone
or cylinder volume. As for modeling the dike, a more appropriate shape would be to invert
long tabular bodies, which like the horizontal lamellae, could be stacked vertically instead of
horizontally. Similarly, this method would require geologically reasonable boundary conditions for the widths and lengths. Since these dimensions have been assessed in abundance in
the SRVF, these shapes can be easily parameterized to produce a more representative model
of the northern dike section of SRSVF by assuming a much greater depth (>1.0 km) than
the one used in this investigation.
As for the dimensions of the prism used, effects from this were most noticeable on
the northern dike section. These plumbing attributes have been well documented in the
SRVF and are shown to be ∼ 2 − 7 m wide (Delaney & Gartner, 1997; Diez et al., 2009;
Kiyosugi et al., 2012; Richardson et al., 2015), which is not consistent with results presented
here. This is most certainly a consequence of using the 8 m X 8 m prisms. Since many of the
northern prism profiles show the dike to be ∼ 8−48 meters wide, this width shows significant
disparity versus those measured in the field. This feature would be better modeled using
much narrower dimensions, on the order of 0.5 m for shallowest tabular bodies, that increase
in width with depth to the maximum value recorded in the SRVF.
Although I could not adjust the shape used to model the anomalies in the SRSVF, I
did change the dimension of this shape. As previously mentioned, I chose these dimensions
based on trade-offs between model resolution and capability of the program to produce
enough prisms to model the E-W extent of the extracted anomaly data subsets. However,
counteracting this deficiency is easily remedied. In the inversions, transects were allotted a
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100 m section (± 50 m from the transect) due to the lack of data between them. So, prisms
needed to be generated throughout an area 100 m in the N-S direction by the E-W width of
each anomaly subset. To reduce the number of shapes that need to be generated, increasing
the data density by collecting additional survey lines is required. Decreasing the transect
spacing will reduce the number of prisms that need generated along the transect; it will also
decrease the amount of interpolation done during the inversions. Increasing the data density
will also allow for narrower dimensions to be applied during the inversions, thus yielding
higher resolution model outcomes.
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Chapter 6
Conclusions

Investigating the buried features in the SRSVF using magnetic survey data collected
by a Cs-vapor magnetometer and MagCube-parallel inversion outcomes reveals the existence
of numerous magnet anomalies associated with volcanic activity. Interpretation of the magnetic maps and generated cross-sectional profiles illuminate regional magnetic trends and
allowed for the identification and characterization of three distinct sections of this, otherwise
unobservable, volcanic complex.
First, regional magnetic variations discovered include:
1. A normally polarized section from 479550 E to ∼ 480650 E.
2. A reversely polarized intrusion occurs at ∼ 480650 E extending to most eastern edge
of the survey area (480850 E).
Second, the survey data also exposed the existence of three dike systems in the subsurface of the SRSVF. In plan view from east to west, these structure are summarized as:
1. The eastern dike section or De , which is an ∼ 700 m long reversely polarized dike that
roughly trends N-S. This dike section contains a very moderate left-stepping magnetic
anomaly and also hosts two sills, one along the eastern map edge, Es and the other in
the northeast section of the map, NEs .
2. The middle dike section, Dm , is an ∼ 1600 m long normally polarized body trending
roughly N-S. This anomaly is the widest and longest in the study area and contains
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a very wide step-over in its north-central region. This dike connects with at least two
sills in the north, Ms1 , and Ms2 and possibly contains two small conduits south of these
sills (seen in the magnetic map and profile data).
3. The western dike, termed Dw , hosts a broad sill to the southwest, Ss , that is ∼ 400 m
long and 150 m wide. A conduit, Cc , is seen is in the central region and produces a large
amplitude anomaly (≈ 1900 nT to ≈ −1355 nT) indicative of a nearly vertical conduit.
This conduit is documented to physically surface in the SRSVF. Model outcomes for
width were ∼30-50 m wide, which corroborate well with field observations. In the
northern area of this dike system, a narrow, en echelon right-stepping ∼ 900 m long
dike showing a NNE trend exists. This dike is composed of multiple segments which
range from ∼ 50 m to 400 m in length having widths commonly between ∼ 35 − 50 m.
Next, nonlinear inversions were performed on a subgroup of the terrestrial magnetic
data which focused on the Dw system of the SRSVF. Interpretations of the inversion results
showed three distinct sections are found along Dw :
1. In the southern region, Ss was identified, and is shown to be an ∼ 3 − 14 m thick and
∼ 50 m wide, located at depths of ∼ 9−20 m. This anomaly exhibits tapering from the
center of the anomaly to the east and west edges across the profile and is considered
to be a dome-like sill or laccolith intrusive body.
2. Near the center region a roughly vertical flared conduit, Cc , is present. Modeling shows
this anomaly to be ∼ 50 m wide and ∼ 15 m thick residing at depth between ∼ 1−16 m.
Adjacent to the south of Cc is a small sill which measures roughly ∼ 16 − 42 m in width
and is ∼ 1 − 6.5 m thick. This anomaly tapers similarly to the Ss anomaly described
above.
3. An en echelon right-stepping dike, Nd , exists in the northern region of Dw . Modeled
dimensions of this anomaly were ∼< 1 − 6 m for thickness, ∼ 8 − 48 m for width, and
the anomaly is located at depths between ∼ 2 − 17 m.
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Following the analysis of the inversion results, a model describing the construction
and evolution of the Dw system was proposed. Utilizing the aforementioned outcomes from
the visual interpretation and inversions results, in conjunction with current dike models,
the formation of Dw may have occurred in four stages with respect to changes in magma
ascent. Controlling factors during each stage are a product of pre-existing structures within
the different formations found in the SRSVF. These units are the Navajo sandstone, the
Carmel sandstone, and the Entrada sandstone. Variations in rock properties amongst these
groups coupled with changes in the flow rate show local stress fields changed as magma
ascended through the host rock. Moreover, the effects of stress rotations are considered to
have greatly impacted the evolution of this shallow magma plumbing system, leading to its
complex nature. These four stages encompass:
1. Magma ascent through the deeper, most competent Navajo sandstone as a linearly
continuous dike. This dike is considered to be the master dike from which the magma
for all features found in Dw originated from. During this stage flow direction was
vertical with σ1 directed towards the surface along the length of the dike.
2. Ascent of the master dike into the least competent, jointed Carmel formation. Due
to the existence of joints and partings parallel to bedding, the flow deflected into
these features as they were encountered during ascent. This redirection of flow caused
dike segmentation to occur, creating disproportionate flow rates throughout the dike
segments, however σ1 remained vertical.
3. Magma ascent continued into the shallower, more competent, highly fractured Entrada
formation. In this stage, a rotation of σ1 and σ3 appears to occur. This stress rotation
could be caused by the introduction of dominant partings parallel to bedding. These
planes of weakness coupled with alterations to the magma flow rate in the dike segments
facilitated lateral magma migration. Rotation of the principle stresses is associated
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with the development of possibly two sills along Dw , one directly south of Cc with the
other being the Ss .
4. The preferential flow of magma into the largest step-over of the dike led to the creation
of Cc . This flow partitioning reduced the flow along the other dike segments and led
to the arrest of both sill features and Nd . The flow was again orientated vertically,
with σ1 directed towards the surface. Ascent is considered to have occurred for days
to weeks, as this would be needed to develop the surface vent seen in the SRSVF.
The primary aim of this study was to resolve the geometries of the shallow intrusives
found in the the SRSVF. I feel this objective was completed satisfactorily. Although future
work was proposed to refine the geometries assessed, these initial findings were found to
be sufficient enough to develop a 3-D model of the Dw system in the SRSVF. This model
illuminates a possible mode of creation for this system, helping to describe its evolution
during magma ascent to the surface.
Furthermore, this examination provides valuable insight into the overall architecture
of the volcanic plumbing and how T-junctions helped shape it. T-junction locations identified
in the data show the existence of two orientations of these T-junction features. A T-junction,
like those suggested by Pioli et al. (2009), is considered present along the south side of the Cc .
This T-junction permitted the development of a small sill. Moreover, this sill likely played
a role in modulating the eruption dynamics of Cc based on its proximity and shallow depth.
Another T-junction orientation is assumed to occur below the Ss anomaly. Unlike those
described by Pioli et al. (2009), the orientation of these T-junctions is rotated to the right
by 90◦ , effectively creating a ”T” shape. These junctions are thought to be the origin for
the creation of the SS . Moreover, at least two of these types of T-junctions are considered to
be present. Although the exact geometries of these features were not ascertained due to the
masking of their magnetic signatures by overlying intrusives, their presence is unquestionable.
Based on the qualitative analysis of the De and Dm sections, this author also feels that both
orientations of T-junctions are abundant in the SRSVF.
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Like in all geophysical modeling studies, the results obtained here are only as good as
the data will allow. Moreover, due to the indeterminate nature of potential fields, these examinations increase in complexity, which is compounded by insufficient data density, processing
techniques, and model parameterization and design. Because of these reasons, studies of this
kind often leave room for improvement. However, even with these complications, this study
was able to show that although the model depths and thicknesses vary with magnetization
contrast, the geometries of the features which comprise Dw remain the same. Furthermore,
although the model was not conducive for imaging all the anomalies in this field, it produced adequate data for integration into current dike models, allowing for exploration into
the mechanisms of its creation. This study also expanded on how T-junctions modified this
dike system and exposed their presence in the SRSVF. Finally, this study shows how 3D
imaging using magnetics can enhance our inference capabilities and assist in producing a
more comprehensive understanding of the development of these types of volcanic centers.
While this study did illuminate the general structure of one dike system in the SRSVF,
it can benefit from additional high-resolution magnetic anomaly mapping and program alterations, allowing for a more exhaustive dimensional analysis of the shallow igneous intrusives
and T-junctions discussed.
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Appendix A
Line Anomaly and Prism Profiles

The images in Appendix A show the model outputs for all subset data used in the
inversions. The images compare the observed data to the inversion outcomes using profiles.
Also shown are the prism profiles generated along each transect. Images illustrate the effects
caused by varying the intensity of magnetization of the modeled body.
Images show the west to east profiles for all lines. The red dots represent the observed
magnetic anomaly in the top graphs, and the blue line represents the modeled calculated
data. The lower graphs show the modeled prisms at depth with dimensions 8m X 8m
X calculated height. The prism profiles shown were generated using 0.5 - 2.5 (a-e) A/m
magnetic intensity. All other parameters were set as shown in Table 4.3.

A.1

Anomaly and Prism Profiles for Lines 0–18
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A.1.1

Line 0

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.1: West to east profiles for Line 0 located at 4264200N.
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A.1.2

Line 1

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.2: West to east profiles for Line 1 located at 4264300N.
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A.1.3

Line 2

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.3: West to east profiles for Line 2 located at 4264400N.
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A.1.4

Line 3

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.4: West to east profiles for Line 3 located at 4264500N.
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A.1.5

Line 4

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.5: West to east profiles for Line 4 located at 4264600N.
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A.1.6

Line 5

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.6: West to east profiles for Line 5 located at 4264700N.
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A.1.7

Line 6

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.7: West to east profiles for Line 6 located at 4264800N.
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A.1.8

Line 7

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.8: West to east profiles for Line 7 located at 4264900N.
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A.1.9

Line 8

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.9: West to east profiles for Line 8 located at 4265000N.
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A.1.10

Line 9

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.10: West to east profiles for Line 9 located at 4265100N.
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A.1.11

Line 10

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.11: West to east profiles for Line 10 located at 4265200N.
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A.1.12

Line 11

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.12: West to east profiles for Line 11 located at 4265300N.
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A.1.13

Line 12

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.13: West to east profiles for Line 12 located at 4265400N.
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A.1.14

Line 13

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.14: West to east profiles for Line 13 located at 4265500N.
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A.1.15

Line 14

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.15: West to east profiles for Line 14 located at 4265600N.
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A.1.16

Line 15

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.16: West to east profiles for Line 15 located at 4265700N.
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A.1.17

Line 16

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.17: West to east profiles for Line 16 located at 4265800N.
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A.1.18

Line 17

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.18: West to east profiles for Line 17 located at 4265900N.
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A.1.19

Line 18

(a) 0.5 A/m magnetic intensity

(b) 1.0 A/m magnetic intensity

(c) 1.5 A/m magnetic intensity

(d) 2.0 A/m magnetic intensity

(e) 2.5 A/m magnetic intensity

Figure A.19: West to east profiles for Line 18 located at 4266000N.
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Appendix B
Data

The link below contains the raw and extracted reduced data used in this investigation.
https://gscommunitycodes.usf.edu/geoscicommunitycodes/public/geophysics/Magnetics/FieldDate/SRSVFm ag/SanRaf M ag.phptop
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